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ABSTRACT

ABLATION OF CARDIAC TISSUE WITH NANOSECOND PULSED
ELECTRIC FIELDS: EXPERIMENTS AND NUMERICAL
SIMULATIONS

Fei Xie
Old Dominion University, 2015
Director: Dr. Christian Zemlin

Cardiac ablation for the treatment of cardiac arrhythmia is usually performed by heating
tissue with radio-frequency (RF) electrical currents to create conduction-blocking lesions in
order to stop the propagation of electrical waves. Problems associated with RF ablation are
recurrence of arrhythmias after successful treatments, tissue loss beyond the targeted tissue,
long duration of the ablation procedure, and thermal side effects including thrombus
formation that may lead to stroke. Here, we propose a new, non-thermal ablation method
using nanosecond pulsed electric fields (nsPEFs) with better-controlled ablation volume,
shorter procedure time, and no thermal side effects. We demonstrate that we can create
non-conductive transmural lesions using different electrode configurations.

We also

develop a numerical model of nsPEF ablation, which allows us to estimate the critical
electric field which leads in cardiac tissue and helps to provide a guideline for clinical
tissue ablation.
Our experimental model is a Langendorff-perfused rabbit heart. The heart is placed in a
life-support system, and optical mapping is performed to study its electrical activity. We
further developed the capability to apply short sequences of nanosecond pulses to tissue
through pairs o f customized electrodes. In order to characterize the 3D geometry o f an

ablated volume, we have adopted propidium iodide and TTC staining in conjunction with
tissue sectioning. Our results obtained by optical mapping data and PI/TTC stained tissue
show that fully transmural lesions can be obtained faster and with better control over the
ablated volume than in conventional (RF) ablation, in the absence of thermal side effects.
In order to aid nsPEF ablation planning, we used the COMSOL finite element software
to create a model o f the electric field distribution in cardiac tissue, which has a complex
anisotropic architecture, for different electrode configurations. The experimental and
numerical results are consistent and suggest a critical electric field strength of 3kV/cm for
the death of cardiac tissue. This threshold obtained by the numerical model can function as
a guideline for future clinical nsPEF treatment of atrial fibrillation.
In summary, we have developed nsPEF ablation for the treatment of cardiac arrhythmia
to provide better control over the ablated volume than conventional (RF) ablation, to
reduce procedure time, and to avoid thermal side effects. Our ultimate goal is to bring this
technology to the clinical practice.

Copyright, 2015, by Fei Xie, All Rights Reserved.
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1
CHAPTER I
INTRODUCTION

1.1 ABLATION OF CARDIAC TISSUE WITH RF ABLATION AND CRYOABLATION

Ablation o f myocardial tissue is an essential technique for the treatment o f atrial fibrillation (AF),
the most common cardiac arrhythmia, with about 3 million affected in the United States alone1.
Patients with AF have a fivefold increase in the risk o f stroke2 3, accounting for approximately 15%
o f all strokes nationally4, and their quality o f life is significantly reduced5. In the normally
functioning heart, the natural pacemaker creates periodic activations that travel as activation waves
first across the atria and then across the ventricles and induce the contraction o f muscle cells as they
pass6. During atrial fibrillation, this activation mechanism is disturbed, either by pathologic
activations from sources other than the natural pacemaker, or by abnormal propagation patterns
such as spiral waves or reentry7. The first therapy for AF patients is usually pharmacological, but
this yields satisfactory results in only about half the patients4. For the remaining half, the most
common therapy is radio frequency (RF) ablation, a procedure in which conduction-blocking
lesions are created in the atria in order to stop A F8. It is estimated that approximately 100,000
patients in the United States receive RF ablation therapy every year9.
RF ablation involves a catheter which is inserted into the heart for delivery o f ablation energy to
kill a volume o f cardiac tissue. RF ablation works by applying heat via an intra-atrial catheter to the
endocardium until the tissue around the catheter is destroyed; the catheter is then moved slightly
and the procedure repeated. The ablation energy is delivered by an AC current at a frequency
between 350-750 kH z10 between an catheter tip electrode resting on the endocardium and a
grounding patch placed on the body surface (also known as a dispersive electrode, it has a much
greater surface area than the catheter tip to minimize any heat delivered to the skin as current flows
through the patch). RF frequencies are high enough to prevent the induction o f ventricular

2

fibrillation".

Convective heat
lose to circulating
g*.«**
blood pool

r
W

fletictive (votuma)
heating ot blood
and ticsue

t
*

.!■

t.

Msg*V

1
1

Conductive heat
exchange into
tiaaue

*»
l> tV'
'i
^

Convective heat
.......... lo ai to epicardial
coronary arte ry

Figure 1. Schematic drawing o f radio frequency catheter ablation on the cardiac tissue
demonstrating the region o f resistive heating o f blood and tissue and convective heat loss from
into the circulating blood pool and epicardial coronary arteries96.

Heating o f the tissue around the catheter tip occurs in two ways: resistive heating and conductive
heating (Figure 1). Resistive heating occurs in the layers o f tissue adjacent to the electrode as the
AC current passes through. At the same time, the generated heat is transported to neighboring
regions via heat conduction. The resulting lesion size is determined by the balance o f tissue
conductive heat generation and convective heat loss carried away by tissue blood flow (Figure 1).
Thus, lesion volume can be influenced by tissue blood flow within an area below the catheter tip.
The only alternative to RF ablation in clinical practice today is cryoablationl2. Since the late
1990s, cryoablation has evolved as an alternative to conventional RF ablation,3. The catheter tip is
cooled to -70°C to -80°C by means o f liquid NO: injected into the catheter14, '5.

3
1.2 LIMITATIONS OF RF ABLATION & CRYOABLATION

Both RF and cryoablation have limitations related to their thermal nature. At present, there are
four major types o f radio frequency (RF) catheter ablation systems available for clinical use in the
United States: (1) standard 4-mm-tip catheters; (2) large 8-10-m m-tip catheters; (3) open-loop
irrigated-tip catheters; and (4) closed- loop irrigated-tip catheters (Table 1).
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Table 1. Different types of radio frequency ablation catheters and their strengths and weaknesses95.

A simple way to explain the evolution o f these technologies is as follows: standard tip 4 mm
electrode are the simplest design and were the first electrodes used. Their main limitation is limited
lesion depth. To get deeper lesions, the tip size was increased, but this also increased the thermal
load on the tissue and led to serious side effects such as thrombus formation (blood around the
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ablated area to clot) at the endocardial surface (Figure 2). To get deep lesions without side effects
from heating, researchers started cooling the tip, either by circulating cooling liquid inside the tip
(closed irrigation), or by expelling it through small holes at the tip (open irrigation). Open irrigation
reduces heat related side effects more effectively, but it can lead to intravascular fluid overload.
A major problem in RF ablation is that it is hard to know exactly how much RF power is needed
to ensure a complete lesion. Since incomplete lesions are ineffective, clinicians usually use
relatively high power and wide lesions to make sure all lesions are com plete12,16 but this leads to
substantial loss o f tissue, and severe thermal side effects can occur.

Thrombus |

Figure 2. Thrombus at the electrode-tissue interface produced by RF ablation delivered by a
closed loop electrode in low blood flow. The thrombus formed on the electrode-tissue interface
surrounding the ablation electrode. The size o f the thrombus outline on the right was 7x4 m m 21.

In general, high temperatures are needed to make sure that all layers o f the tissue are ablated.
However, these high temperatures can also lead to blood and tissue accumulating on the catheter tip.
This is known as char formation, or charring. When charring occurs, only the outer layer o f tissue
may be ablated, which means the lesion is not transmural. In addition, heat generated by radio
frequency energy may also cause thrombus formation (blood around the ablated area to clot). If a
clot were to dislodge from the heart, a stroke could occur.
The second concern with RF ablation is recurrence over the long term: in a substantial portion o f
the initially successful ablations, lesions eventually become conductive again and AF recurs17. The
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third problem is that RF ablation is a lengthy procedure— a full ablation procedure usually takes 4-6
hours18. This is because a single ablation usually takes around 30-60 seconds to ablate the region
transmurally due to the thermal mechanism. By repeating single ablations at different locations,
transmural lesions can be created. Finally, since RF ablation uses heat to ablate cardiac tissue, the
ablated area is not constant in all layers o f the myocardium, but its cross section is elliptical (Figure
3). Figure 4 illustrates the cross-section geometry o f lesions created by RF ablation using closed
and open irrigation tips. A large number o f research groups agrees on these basic geom etriesl4, l9,20,
21. The geometries are all ellipsoidal, but the centers o f the ellipsoids are different for different types
o f RF ablation. For closed irrigation, the center is either located at the surface o f the cardiac tissue
or slightly below the surface, depending on the flow rate o f blood; for open irrigation, the center is
located below the surface.

Figure 3. Myocardial sections containing representative radio frequency lesions created by the open
irrigated tip. The cross sectioned area o f ablated region is elliptical rather than rectangular94.

The main limitation of using traditional cryoablation is that it has a slower and lower freezing
capacity, with a mean time for the complete ablation procedure o f approximately 25 to 30 minutes,
and the endocardial freezing process needs a bloodless field22.
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Figure 4. Diagram o f lesion dimensions [mm] for RF applications with ciosed-irrigated and
open-irrigated tip in different blood flow (O.l m/s and 0.5m/s)21.

1J IRREVERSIBLE ELECTROPORATION ABLATION AND RELATED RESEARCH BY
OTHER GROUPS

When electric fields o f sufficient amplitude are applied to cells, there is a significant increase in
the electrical conductivity and permeability o f the cell plasma membrane. This phenomenon o f cell
membrane permeabilization is called electroporation; it is used in biotechnology and medicine for
delivery o f drugs and genes into living cells23, 24, 25’ 26. Electroporation can be described as the
development o f pores in the cell membrane (dramatic increase o f membrane permeability) caused
by external electric pulses, typically short and intense pulses. Depending on the induced
transmembrane potential (the electric potential difference across the plasma membrane), electric
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pulses can either have no effects on the cell membrane, reversibly porate the cell membrane (after
which cells can survive), or irreversibly porate the cell membrane, resulting in structural
rearrangement o f the lipid bilayer (after which the cells die). These “pores” create permanent
aqueous path ways for ions and macromolecules to pass through. Figure 5 illustrates the difference
between reversible and irreversible electroporation.

r

Figure 5: Schematic diagram illustrating reversible and irreversible electroporation. When the
external electric field reaches threshold value (Ethiwh ), the cell membrane is electroporated.
Molecules that are smaller than the induced size o f pores can be introduced into the cell, or when
two cells are in close contact, their membranes can fuse if E u«sh <E<E cut • When the external
electric field exceeds certain critical value (Emi), irreversible electroporation occurs, resulting in
cell membrane disintegration and cell death92.

In this project, we propose a new method to ablate myocardial tissue that uses nanosecond pulsed
electric fields (nsPEFs) delivered by 3 different configurations o f customized electrodes (Figure 6).
Such high-intensity electric fields with short durations have been successfully used in tumor
ablation27,28,29, but not yet for cardiac tissue.
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A: RF ablation

B: Penetrating

RF generator
electrode
endo-

Myocardial Tissue

C: Endo-endo

shock electrodes

epi-

D: Endo-epi

Figure 6. Schematic diagrams for RF ablation and different electrode configurations for nsPEF
ablation o f myocardial tissue. Pink slab shows the tissue. A typical region o f ablation is marked
yellow and enclosed by red lines. A: RF Ablation. B: Penetrating electrodes configuration. C:
Endo-endo configuration.
Two contact electrodes touch the endocardium.
D: Endo-epi
configuration. One contact electrode touches the endocardium, another the epicardium.

Figure 6 compares the standard electrode configuration for RF ablation with the electrode
configurations we propose for nsPEF ablation. In the standard RF configuration (Panel A), one
catheter electrode is placed on the endocardium, and the second, dispersive electrode is far away.
Panel B shows the configuration that we have been using in most o f our nsPEF ablations, with two
thin electrodes penetrating the tissue. The endo-endo configuration in Panel C o f Figure 6, uses two
electrodes touching the endocardial surface without penetration. Compared to the other two nsPEF
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electrode configurations, the endo-endo configuration is the most straightforward to implement;
existing RF ablation (Panel A) catheters could be used with small modifications. The endo-epi
configuration (Panel D) requires one endocardial and one thoracic catheter, but it works without
tissue penetration and leads to ablation volumes with better geometries than those created with the
endo-endo configuration (see Results sections).
Previous studies show that therapy based on irreversible electroporation (IRE) is effective for
tumor ablation30,31' 32, especially in regions where precision and conservation o f the extracellular
matrix, such as blood vessel and nerves, are o f importance33, 34. The mechanism o f cell death is
related to the altered membrane permeability, not thermal effects. Using IRE-based microsecond
pulsed electric fields (PEF), a proof o f principle for cardiac tissue ablation was performed (Figure
7)35. However, in that study caliper-shaped electrodes were used and compatibility with catheterbased surgery was not a concern.

A

B

Figure 7. Proof o f principle o f line ablation with microsecond pulses. A: Shock applicator, with
electrodes stretching along the insides o f the caliper jaws. With a single application, a linear lesion
can be created. B: Tissue with two linear lesions35.

In another PEF approach, ring-shaped electrodes with shock durations in the millisecond range
have been used to create lesions in the atrial ostia. While this method is very rapid and reaches
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considerable tissue depth, it does not achieve complete transmural ablation (Figure 8)36,37.

10mm

Mitral leaflet

Lesion

section

Figure 8. Millisecond shock ablation with ring-shaped electrodes. A: Shock application electrode.
B: Histological elastic-van Gieson-stained section through the center o f a circular lesion. Pink
areas indicate ablated tissue. Note that the lesion is not transmural, because there is an isolated
region in yellow showing surviving tissue that has not been ablated37.

1.4 ADVANTAGES O F USING N SPEF ABLATION

Nanosecond PEF ablation has important advantages over longer shocks, particularly ablation
uniformity. By ablation uniformity we mean how evenly all cells within the tissue are
electroporated. It has been shown in modeling studies that the strong fields used for nanosecond
pulses electroporate all cells indiscriminately, while the weaker fields associated with longer pulses
lead to spatially heterogeneous, incomplete electroporation38’ 39, 40’ 41, 42. While it would be in
principle possible to generate pulses that are both strong and long, such pulses would deposit large
energies, which would lead to unwanted thermal effects. Nanosecond pulses also have the benefit
that it has already been shown that besides ablating cells via necrosis, they can also ablate them via
apoptosis43, 44. Such an additional ablation mechanism also increases the confidence that complete
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ablation can be achieved. It is presently not known whether weaker, longer shocks can also induce
apoptosis.
Ablation with nsPEFs may lead to a breakthrough in arrhythmia treatment in patients. By
definition, nsPEFs are trains o f electric shocks, each o f a duration between 1 and 1,000 ns. We are
considering short trains (1-20 shocks) with durations up to 350 ns and shock amplitudes up to 10
kV/cm. nsPEFs interact with cells either by electroporating the cell membrane or by electroporating
membranes inside the cell45- 46,47. Both theoretical results30 and the data we present here suggest that
the nsPEF ablation volume can be controlled with better precision than in RF ablation. The basic
reason for this better control is that electrical fields drop o ff much more sharply in the electrode
configurations that we propose (see Figure 6. Panels B and D) than temperature does during RF
ablation (where heat diffuses from the site o f the catheter). Also, electrical fields cannot be
transported away, while heat can be transported away by blood. The increased control that nsPEF
ablation promises is vital to address the high recurrence rate o f which RF ablation suffers. Lesions
are most likely to become conductive at locations where they were not sufficiently wide to begin
with; if nsPEF ablation can ensure a more uniform lesion thickness, recurrence would likely go
down. Since electroporation can be induced rapidly, nsPEF ablation will likely require substantially
less time than RF ablation; this would be a major improvement both for the individual patient and
the ablation centers that couid more easily satisfy the rising demand for this procedure.
To sum up, we expect the following advantages over conventional RF ablation are 1) Better
control o f the ablated volume; 2) lack o f thermal side effects such as damage to neighboring tissue
because the energies deposited in nsPEF ablation are too small to significantly heat tissue48,49; 3)
acceleration o f the ablation procedure, since both RF ablation and pulsed electric fields (PEFs)
ablation create lesions segment by segment, but heating the tissue until it is destroyed takes more
time than the application o f electrical shocks; 4) different layers (epi- to endocardium) are exposed
to identical shocks, so a high degree o f translational symmetry in the ablated cross sections can be
expected (this symmetry is limited by the heterogeneity o f the cardiac tissue) compared with RF
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ablation. In Chapter HI, we demonstrate in experiments that nsPEF ablation really exhibits the
expected advantages listed above.

1.5 NUMERICAL SIMULATIONS

Figure 9: Overlay o f electric-field contours predicted by the numerical model onto live/dead cells
after 300 V (a) and 450 V (b) are applied through a pair o f electrodes in the center. Live cells
were stained green using Calcein AM and dead cells were stained red using propidium iodide (PI).
Scale bars, 2.5 mm51.

Although IRE has great potential in the treatment o f numerous diseases, its effects remain poorly
characterized for many tissues. In order to ablate the targeted tissue with IRE, a numerical model
can help to predict the ablated area with different pulse amplitude and electrode configuration (size,
spacing, and number)50. This numerical model can also be used to test different parameter sets for
IRE treatment planning.
An example such a numerical model, for 3D tumors consisting o f cancer cells cultured within
hydrogels, indicates that tissue death can be accurately predicted by identifying the cells that are
exposed to a critical electrical field threshold obtained from their numerical model (Figure 9 )51. This
model responds to external series o f microsecond pulses in a manner analogous to that observed in
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in vivo pathological systems. However, because the model is at cell level, features that are crucial
for cardiac tissue, like its fiber structure and complex architecture, are not included.
On the tissue level, there are simulation analyses o f irreversible electroporation o f liver52and
brain53 tissue (Figure 10) for tumor treatment, and o f reversible electroporation o f skeletal muscle
tissue54,55with anisotropic electrical conductivity for gene therapy (Figure 11).
The electric field distribution in cardiac tissue has not yet been studied. In Chapter IV, we
developed a model that enhances the model described above by including anisotropic conduction
and complex fiber geometry that are characteristic o f cardiac tissue. We establish the critical field
needed for ablation o f cardiac tissue and simulate the ablation o f human cardiac tissue. The results
o f our simulations suggest that the endo-epi configuration will be most useful for nsPEF ablation o f
human cardiac tissue.
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Figure 10. Electric field, conductivity, temperature and thermal damage distributions after an 80 s
IRE treatment o f tumor ablation in the brain53.
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Figure 11. Electric field distribution for isotropic and anisotropic skeletal muscle conductivity.
Electric field distribution for six needle electrodes (white circles) with A) isotropic tissue and B)
anisotropic tissue properties54.
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CHAPTER H
METHODS

The evaluation o f the proposed ablation techniques requires complex experimental designs,
which involve interdisciplinary techniques from electrical engineering, computer programming, and
cell biology. In this chapter we will discuss methods used both for experiments and our numerical
model.

2.1 GENERAL APPROACH

We need to prepare isolated hearts to a state in which nsPEF ablation can be performed. Rabbits
are anesthetized, and the hearts are extracted and Langendorff-perfiised in our life-support system.
In order to quantitatively analyze the performance o f nsPEF ablation, we use our lab's optical
mapping system to record the transmembrane potential o f the heart at various sites and estimate the
electrical status o f the heart. The tissue is stained with special dye molecules which proportionally
convert variations in transmembrane voltage signal into fluorescence, which allows the researcher
to map the electrical activity o f the isolated heart. The heart can be kept alive for several hours in
the life support system. The nsPEF ablation shocks are delivered through a pair o f electrodes, either
by penetrating or endo-epi configurations. Data post-processing is performed using customized
software to obtain different maps to quantitatively assess the effects o f ablation. In order to
understand the effects o f the ablation transmurally from epi- to endocardium, fluorescent dyes
which mark live or dead cells are used, and the ablated cardiac tissue is sectioned, to reconstruct the
3D geometry o f the ablated volume.
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2.1.1 ANIMAL SURGERY

During rabbit surgeries, we use procedures designed to limit animal discomfort, stress, pain, and
injury. All procedures are approved by the Old Dominion University Institutional Animal Care and
Use Committees (IACUC). Before surgery, the rabbits are heparinized (500 i.u, i.v.) and
anesthetized with isoflurane (3-5%) in oxygen via a mask. A toe pinch is used to ensure that the
animal is deeply anesthetized before starting the procedure. Once a surgical plane o f anesthesia is
achieved, a midline sternotomy is performed, and the heart is immediately extracted and placed in
cold (4°C) cardioplegic solution. This is done as quickly as possible to guarantee that the heart does
not suffer from a lack o f perfusion more than necessary. Removal o f the heart takes approximately 5
minutes.

2.1.2 LANGENDORFF-PERFUSED HEART IN THE LIFE-SUPPORT SYSTEM

The Langendorff-perfused rabbit heart is one o f the most studied models o f human heart
physiology and pathophysiology. Many types o f arrhythmias observed clinically can be reproduced
in the rabbit heart model56. A general principle o f the method is to deliver oxygenated (95% O 2 and
5% CO 2 ) blood substitute, Tyrode's solution into the removed heart o f an animal through a cannula
inserted and fixed in the ascending aorta. Since the aortic valve is closed, the perfusion fluid cannot
enter the left ventricle; rather, it is forced into the coronary vessels, which supply the heart tissue
with blood. As a consequence, the entire perfusate enters the coronary arteries via the ostia at the
aortic root. After passing through the coronary circulation, the perfusate drains into the right atrium
via the coronary sinus. The perfusion pressure during the experiment is kept constant by adjusting
the perfusion rate. Langendorff-perfusion delivers nutrients and oxygen to the cardiac muscle at a
controlled temperature, allowing the heart to continue beating for several hours after its removal
from the animal. The schematic diagram o f a Langendorff-perfused heart in the life support system
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is shown in Figure 12. By adjusting the oxygen rate, pH o f the heart chamber can be maintained at
7.35±0.05.

PUMPS
BUB8LE
TRAPPER

Figure 12. Langendorff-perfused heart in our life support system93. By supplying oxygenated blood
substitute (called Tyrode's solution) into the heart at constant rate, the heart can be kept alive for
several hours with normal electrophysiological activity. The top pump is for delivering Tyrode's
solution into the heart; the middle one is used to guarantee a constant temperature environment,
and the bottom one is for recycling the Tyrode's solution.

In order to sustain the electrophysiological activities o f the Langendorff-perfused hearts, Tyrode's
solution is perfused to provide basic nutritions to the myocardium through the vessels called
coronary arteries around the heart. Tyrode's solution contains 5.128 mM (mol/L) o f Nacl, 0.8 mM
o fN a H C 0 3, 0.048 mM o fN a H 2PO„, 0.042 mM o f MgCl2,0.188 mM o f Kcl, 0.052mM o f CaCl2. 2
g/L o f glucose.

18
2.1.3 OPTICAL MAPPING SYSTEM

An optical mapping system consists o f three major components: 1) the heart preparation, which is
an isolated Langendorff-perfused rabbit heart stained with a voltage-sensitive dye; 2) the
illumination system, which is to excite voltage-sensitive dye o f the heart; 3) a CCD camera which
measures the florescent light. A schematic diagram o f the optical mapping system is shown in
Figure 13.

Heart
Preparation
Illum ination u

f

Diffuser

1^

M irror

Dichroic Mirror

D etection
Emission Filter
CCD Camera

Figure 13. Typical optical mapping system consisting o f three major components: 1) the heart
preparation; 2) illumination; and 3) a detector. A laser is used excite fluorescent dye in the heart
through a dichroic mirror, which selectively reflects light o f excitation wavelength and directs it
toward the heart. In response to excitation light, voltage-sensitive dye molecules bound to the
heart cells fluoresce light in proportion to the transmembrane potential o f the bound cells. Light
emitted from the dye has a longer wavelength, and therefore passes through the dichroic mirror,
undergoes a final stage o f filtering, and is focused onto the detector.

In our experiments, Langendorff-perfused hearts will be loaded with the voltage-sensitive
fluorescent dye

Di-4-ANBDQBS

(JPW-6033) and the electro-mechanical

uncoupler 2,3-

BUTANEDIONE MONOXIME (BDM). The purpose o f adding BDM into Tyrode's solution is to
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suppress motion artifacts in the optical signals caused by muscle contraction. The stock solution o f
JPW-6033 was prepared by dissolving 10 mg, 570.73 g/mol JPW-6033 powder into 1.2 ml o f
ethanol to make the concentration o f 8.33 mg/ml. For each experiment, 30 pL o f the stock solution
was mixed with 15 mL o f Tyrode's solution, and then injected through a connector into the cannula
to be perfused into the heart with normal Tyrode's solution.
To prepare the BDM stock solution, 5.05 g o f BDM was dissolved into 250 ml o f Tyrode's
solution to make 0.2 M (0.2 mol/liter) o f the solution. For each experiment, if there is a total o f 2
liters o f Tyrode's solution (tubing+chamber+erlenmeyer flask) in the life-support system, we added
110 ml BDM stock solution into 2 liters o f the Tyrode's solution to make the final concentration
1 ImM o f BDM.
The heart is illuminated with a 671 nm laser light (the red DPSS laser we use is SDL-671-1000T,
Shanghai Dream Laser Technology Co, China) and fluorescent light (>715 nm) is recorded with a
CCD camera (Little Joe, SciMeasure).

2.1.4 MECHANISM OF VOLTAGE-SENSITIVITY

The optical mapping system uses voltage-sensitive dyes which have high affinity to the cell
membranes (Figure 14). While bound to the cardiac cell membrane, if the dye molecules absorb
photons o f a certain wavelength, they are excited to a higher energy state. As the molecules return
to the ground state, photons o f a longer wavelength are emitted (fluorescence). During the
excitation process, a charge in the dye molecule moves from one molecule to the other. If there is a
change o f transmembrane potential, say depolarization happens, more positive charges are present
at the outer membrane and more negative charges at the inner membrane, making the physical
movement o f charges o f dye molecule easier or harder (Panel A). Consequently, the energy required
(or fluorescence energy emitted) changes compared to the energy required before the depolarization
happened. That is why there is a shift o f the emission/absorption spectrum in Panel B. As the

20

spectrum indicates, the change o f light intensity AF is proportional to the transmembrane potential,
and with a chosen filter (highlighted in the green square), this change in fluorescence light can be
visualized. Therefore, the dye molecules transduce the voltage signal into light. This allows one to
precisely evaluate the propagation o f a wave o f excitation visually.
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excitation \
wavelength
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Figure 14. Mechanism o f voltage-sensitive dye. A: Schematic representation o f voltage-sensitive dye molecules
(inside the dotted blue circle) bound to the cardiac cell membrane. B: The emission (or absorption) spectrum is
shifted to shorter wavelength as the cardiac cell is depolarized. Depolarization produces a decrease in
fluorescence at the red wing o f he spectrum and an increase when flourescence is monitored on the blue wing o f
the spectrum (squared in green for our experimental setup). The magnitude o f the spectral shift will be linearly
related to the change in potential.

2.1.5 PI / TTC STAINING AND SECTIONING

Propidium Iodide (PI) is a membrane impermeant fluorescent molecule and is generally excluded
from viable cells. PI is commonly used for identifying dead cells in a population and as a
counterstain to the dead cells by binding their DNA58. We stained the tissue with propidium iodide
(PI, 30 pmol/1 Tyrode), using our coronary perfusion, for 30 minutes, and then washed it out for
another 40 minutes, leaving the dead cells with a compromised membrane stained with PI.
To measure PI fluorescence, we used a setup similar to our optical mapping setup: 1) laser light
(532 nm) to excite the PI molecules, 2) a dichroic mirror to reflect the laser light onto the PI stained
tissue and to allow excited florescent light to pass through, 3) a diffuser to widen the scope o f laser
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light so a larger area o f the PI tissue can be illuminated, 4) a filter to pass fluorescent light from PI
staining, and 5) a camera to record images.
In order to better analyze the dead/live tissue after nsPEF ablation, we later added 2,3,5
-triphenyltetrazolium chloride (TTC) staining to our project. We became aware o f the high
resolution o f live/dead assessments with TTC staining later in our project. Since this resolution was
not as we wanted it with PI stains, we switched to TTC stains.
TTC has been used successfully for early histochemical diagnosis o f myocardial infarction59 60.
The staining action o f tetrazolium salts is based on the presence o f the enzyme called
dehydrogenase6 6 2 . Tissue with normal levels o f the enzyme is stained red, whereas infarcted or
ablated tissue remains unstained owing to loss o f the enzyme. The TTC staining solution was
prepared with TTC powder (5 g) mixed with 500 ml o f normal saline (0.90% w/v o f NaCl). After
Tyrode's solution was removed from our life-support system, the heart was perfused using the TTC
solution for 20 minutes in a dark environment. Then the heart was removed from the life-support
system, and fixed in 10% neutral buffered formalin for future sectioning and histological analysis.
In order to histologically analyze and identify the ablated tissue transmurally from epicardium to
endocardium, we cut the ablated tissue and mounted it into a mold filled with melted agarose gel at
a temperature between 40-45°. When the temperature drops to the room temperature, agarose
becomes solid like rubber and embeds the piece o f tissue. This helps for sectioning as the
surrounding agarose provides enough mechanical support. Then the embedded tissue is glued onto
the platform o f the vibratome (Lancer ®, series 1000). By adjusting the horizontal height and angle
o f a vibrating razor blade, a different thickness o f sectioned tissue can be obtained. In our
experiment, we normally set each sectioned tissue to be 200-300 pm thick, the best compromise we
found between quality (which increaes with section thickness) and quantity (which decreases with
section thickness).
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2.2 NANOSECOND PULSE GENERATION WITH PULSE FORMING LINES

Our nanosecond ablation requires the delivery o f nanosecond, high voltage pulses to cardiac
tissue. A preferred method o f generating short rectangular pulses with excellent accuracy is using a
pulsed forming line (PFL).

Transmission Line
V bd /2 “
spark gap

electrodes

Z tissu e “

cardiac tissue £ —

0

2L/v

Figure 15. Schematic diagram o f the pulser (A) and the ideal rectangular pulse it produces (B).

Figure 15 shows a schematic diagram o f the pulser we used and the corresponding ideal pulse
shape.
The circuit includes a high voltage DC power supply, a charging resistor R Ch«ige to limit the
charging current, a transmission line that acts as a capacitor, and an adjustable spark gap between
the charging resistor and the testing resistor Z m. Once the transmission line (with the length o f L)
has been charged to the breakdown voltage

V Bd ,

the spark gap becomes conductive, and the line is

allowed to discharge into the load (a matching resistor parallel with the tissue).
The voltage on the load V[ is determined by the impedance o f the load Z\ (matching resistor Zm
parallel with the impedance o f the cardiac tissue ZtiSSUe) and the impedance o f the transmission line
Z,i):
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In the case where the impedances o f the transmission line and the load are equal, then clearly the
voltage on the load Vi will be VBD/2.
Thus, by changing the width o f the spark gap, we can adjust the breakdown voltage V B d , which
will finally determine the amplitude o f our rectangular pulse on the cardiac tissue (the amplitude
will be V bd/2).
Because the stored energy source for the pulse is a transmission line, the load experiences a
rectangular voltage pulse whose duration is equal to twice the time an electromagnetic wave takes
to travel through the line:
21
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where c is the velocity o f light in vacuum and

£r is the relative permittivity o f the dielectric
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Figure 16. Comparison o f matching resistance using different resistors. We chose Zm= l 3.7 f t
because the corresponding pulse exhibits almost no negative peaks and good rectangular shape.
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In our experiment, we use a RG-58 coaxial cable as the transmission line with a relative
permittivity o f

=1.5. Since we want to generate 350 ns pulses, we used a coaxial o f length

L=350 ns x 3x 108m/s x (2 x 1.5)= 35m. A high voltage probe (P6015A, Tektronix) as well as a high
sampling rate oscilloscope is utilized for the measurement o f the produced pulses. In order to
generate a nearly square pulse, the matching resistor o f impedance Z m needed to be adjusted such
that the resistance o f the coaxial cable (-1 0 £2) matches the total load impedance ( Z m parallel with
Ztissue). In general, too small loads result in more negative peaks on the tail, while too large loads
results in more positive peaks on the tail64.
To find a good matching Zm, we tested five different matching resistors ranging from 5.3 £2 to
23.9 £2. We find that for Zm>=9.8 there will be more positive peaks on the tail and that for Zm<=5.3,
more negative peaks appears on the tail. For Z m=13.7 £2, on the other hand, no negative peaks
appear, and the pulse is close to rectangular. Consequently, we chose Zm=13.7 £2 for our
experimental setup (see Figure 16).

2.3 STIMULATOR, TEMPERATURE SENSOR AND PRESSURE SENSOR

Stimulator
A stimulator functions as a pacemaker that can be selectively placed on specific locations o f the
heart's surface. We place the stimulus electrode (black) on the heart surface (see center o f Figure
17), while the ground electrode is immersed into the heart chamber filled with Tyrode's solution
(shown as a metal wire on the top left o f Figure 17). The purpose o f pacing the heart is that one can
selectively initiate the occurrence o f an action potential and then use nsPEF ablation to block the
pathway o f its propagation. In such a way it is very helpful to visualize the effect o f nsPEF ablation.
The stimulator we used is a Grass S5 model SM5E medical stimulator. It can continuously provide
square waves with different parameters. The amplitude o f the stimulation for our experiment is
between 8-15 V, 5-10 milliseconds duration, and 3-4 Hz.
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Temperature stabilization
Temperature sensors are used to continuously monitor the temperature in different locations in
our system in real time. One sensor is immersed into the heart chamber, and another one is inserted
into the tubing which perfuses the aorta. As the schematic diagram in Figure 12 shows that two
pumps control the flow rate o f Tyrode's solution into the aorta and the heart chamber, respectively.
There are also two heating coils (which are not shown in Figure 12) mounted with the perfusion
tubing and the heart chamber tubing (the top and middle tubing in Figure 12), each connected to a
water bath. In this way, the temperature o f the solution entering the heart and the solution in the
chamber can be adjusted by setting suitable temperatures o f both water baths. By adjusting the flow
rate o f both pumps and water baths, both the temperature in heart chamber and in the aorta are
maintained at 37±0.5 °C for the rabbit heart. The temperature sensor we used for our experimental
setup is an insulated thermocouple element ( http://www.tcdirect.com V Temperature values are
converted to electric signals by using a dual transmitter (TXDIN70 model, Omega) and displayed
on a LED screen. After the temperature signal has been converted by the dual transmitter, electric
signals are also acquired and recorded into the computer by the signal acquisition board (BNC
2110, National Instruments, Inc), and displayed onto a customized control QT graphical user
interface (GUI) on the computer screen, for better monitoring.

Pressure stabilization
A pressure transducer (TD1000, Transducer Direct, Inc) is mounted with a “T” connector to the
cannula tubing in order to monitor the pressure o f the aorta in real time. By adjusting the flow rate
o f the perfusion pump, the aortic pressure was maintained at 60 ± 5 m mHg57. Like the temperature
sensor, the pressure sensor is also connected to the acquisition board, so its value is displayed onto
the customized control QT graphical user interface (GUI) on the computer screen.
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Figure 17. Stimulator (shown as a straight black insulated metal wire) placed onto the surface o f
Langendorff-perfused rabbit heart.

2.4 GUI CONTROLLING PANEL

In order to acquire the action potential movies o f the heart and post-processing data, we used
C++ and Qt to design a graphical user interface (GUI) which allows users to acquire, load and save
movies, control the CCD camera, and post-process the movie to obtain different functional maps,
such as the amplitude map and activation map (Figure 18). The most important features o f this GUI
are discussed below.

Figure 18. Screen shot o f GUI for data control and processing.
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Movie Acquisition
A charge-coupled device (CCD) camera (Little Joe, SciMeasure) in our lab is used to record
optical mapping movies from the rabbit heart. The advantage o f Little Joe is that it provides digital
video at high frame rates and high light sensitivity. Its intended user is a scientist, such as an
astronomer or biological researcher [The “Little Joe” Digital Camera: Technical Manual and Users’
Guide]. Another advantage o f this CCD camera is that several features like attenuation, frame rate,
image size, binning, and offset, can be programmed using camera commands, because many o f
Little Joe’s modules contain programmable logic devices. Depending on the required movie, there
is a balance between frame rate and the resolution of the movie. Generally speaking, higher
recording speed will reduce the resolution o f the movie and vice versa (see Table 2 where the unit
for image size is pixel, and 2x2 binning refers to the combination o f two pixels into one, for
instance). Other features like background level, filtering, and attenuation o f recorded images can be
adjusted.
To better control the camera, we programmed an interface for communication with the camera
through our QT C++ platform that allows us to adjust all camera features that are important to us.
Figure 19 illustrates an example o f capturing images by selecting different programmed features.
By adjusting different programs, attenuation, filtering and offset settings, a different frame rate of
recording the movie can be realized, with different contrast, background noise, and gain.
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A

B

Figure 19. Chinese characters captured by the camera “Little Joe” with programmed features. A: 1000
Frame/sec, with lx l binning (program 1, attenuation set to be zero, filter zero, offset zero). In Table 2,
eight programs with different frame rate, image size and binning are listed B: 3000 Frame/sec, with 2x2
binning (program 5, attenuation set to be zero, filter zero, offset zero). C: 2000 Frame/sec, with 2x2
binning (program 7, attenuation set to be zero, filter zero, offset zero). D: Attenuation (refers to as gain
or amplification) set to be 1 (program 0, filter zero, offset zero). E: Filter (pertain to filtering the signal
frequency response) set to be 1 (program 0, attenuation zero, offset zero). F: Offset (black level) set to
be 800 (program 0, attenuation zero, filter zero).
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Program
0
1
2
3
4
5
6
7

Nominal Frame Rate (Ha)
1000
625
125
40
2000
3000
5000
2000

Image abee
8 0 x 80
8 0 x 80
80 x 80
8 0 x 80
4 0 x 40
4 0 x 40
26 x 26
8 0 x 80

Binning
1x1
1

X

1

1 xl
1xl
2x2
2x2
3x3
2 x2

Table 2. List o f built-in programs o f Little Joe.

By selecting different programs o f the CCD camera, we can record different movies with
different requirements. For example, if we want to record the movies faster with lower resolution,
we can choose program 7. If we want the higher image resolution and the fastest speed, one can
choose program 0 (this program is the most common choice for our ablation project). By adjusting
other features such as offset, filtering and attenuation, one can achieve the best quality o f signals
required.

Signal processing
Raw movies acquired by the CCD camera, including background white noise and camera noise,
can be linearly filtered with spatial and temporal filtering to have higher SNR. The schematic
diagram in Figure 20 depicts the algorithm o f both kinds o f filtering.

15000
12500 U \
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H

\

Figure 21. Post-processed signal after spatial and temporal averaging, flipping, subtracting the
minimum and stretching. Left: One frame o f the post-processed movie. R ight: Post-processed
action potentials obtained from a random location o f the heart.
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Figure 20. Space running average filtering and time running average filtering. Green marked spot
in the movie picture shows the location o f action potential signal, and the surrounding red spots
show the averaged area in space (in this case 3x3); For time averaging, signal amplitude o f each
frame is averaged with its neighbors (typically within 3 frames).

Due to our normal camera setting for action potentials recording, the recorded 80x80 pixel movie
contains 1,000 frames lasting 1 second. In Figure 20, the action potentials o f a selected pixel
(marked green) are shown for illustration. In order to have smooth action potentials, a spatial
running average filter and a temporal running average filter are applied. After flipping, subtracting
the minimum amplitude o f the light intensity and stretching the signal, we obtained the post
processed signal shown in Figure 21.

Activation map
An activation map illustrates the activation sequence in cardiac tissue. This helps one to
understand the dynamics o f cardiac activation.
The algorithm for determining the activation map is the following: first, the user manually selects
a range o f frames that contains an activation. For example, in Figure 21 we can either choose a
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range o f roughly frame 250 to frame 500 or from frame 600 to frame 800. This allows us to
specifically choose the action potential we want to analyze. Then, the threshold o f the
depolarization needs to be determined. Usually it has been assumed to be half o f the depolarization
amplitude. In the example o f Figure 21, 7500 will be the threshold. Having gotten the threshold for
each pixel in the movie, the next step is to determine the time (or the frame number) corresponding
to the threshold o f depolarization. To find such an activation frame, we need to compare each
voltage for the individual pixel with the threshold we just identified. If one voltage happens to be
bigger than the threshold and also satisfy that its previous voltage is smaller than the threshold, then
this frame is identified as the activation frame. After the frame o f activation has been determined for
all the pixels o f the heart, frame numbers are converted into times and displayed color-coded; the
resulting map is called the activation map.

Amplitude map
An amplitude map describes the amplitude o f the action potential for each pixel o f the heart. The
brighter the area, the higher the action potential amplitude o f such an area. The algorithm of
determining the amplitude map is straightforward: find the difference between the maximum and
minimum voltage o f each pixel, and run the loop o f searching for all the pixels o f the heart.

2.5 ELECTRODE CONFIGURATIONS

To deliver the pulses, a pair o f customized electrodes are penetrated into the heart and shocks are
applied, in order to make a transmural and complete dead region between electrodes.
The electrodes need to be conductive and thin, for easy insertion and to limit tissue damage. We
chose tungsten as our electrode material, inserted into a insulating material (red color in Figure 22).
The uninsulated part o f the electrode is 4 mm long to guarantee the full penetration o f 4 mm
through the ventricle wall. Electrode diameters are only 250 pm for easy penetration. We tested a
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variety o f inter-electrode distances and found that d >= 4 mm leads to ablated volumes that are too
wide (the desired range is -3-5.5 mm). In particular, d >=4 mm regularly led to an ablation
geometry that was more than 6 mm wide, which is too wide to create a normal lesion (see Figure 41
below). We finally adopted d=2 mm as our standard electrode distance; that produced ablated
volumes with a width o f - 3 mm. Figure 23 shows the penetrated heart with electrodes.

120m

Figure 22. Penetrating electrodes design.
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Figure 23. Penetrating electrodes in a rabbit heart. The tips o f electrodes were dipped into surgical
ink, so the sites o f penetrated tissue would be marked with two dark dots. This ink stains tissue
permanently, it is not washed away in the Tyrode's solution or in formalin.

Besides the penetrating electrodes configuration that we have tested so far, there are two other
configurations we plan to test for nanosecond pulsed electric field ablation. Figures 24 and 25 show
the designs o f the electrodes for endo-endo and endo-epi configuration. We chose stainless steel
nails as the contact material because stainless steel is non-reactive and non-toxic and the nails have
a nicely sized circular contact surface o f 6 mm diameter. For the endo-endo configuration, we
spaced the electrodes 2 mm apart (so that there is a 2 mm gap between the contact areas).
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Figure 24. Electrode design for the endoendo configuration.

Figure 25. Electrode design for the endoepi configuration.

The endo-epi configuration (in Figure 25) has one electrode touching the endocardium and the
other the epicardium; it does not require tissue penetration, and existing catheters can be used with
minimal modifications. On the downside, this configuration is the only one that will require two
catheters (one endocardial and one endothoracic). Again, the electrodes do not need to penetrate
tissue, and we chose the circular contact area o f diameter 6 mm (see Figure 25) which should lead
to ablated volumes with a width o f 4-6 mm.
For both endo-epi and endo-endo configurations, we need to isolate a free wall o f either the right
or left ventricle, stretch it onto a frame, and immerse it into Tyrode's solution. Unlike the
Langendorff-perfused heart preparation in which a cannula is inserted into the aorta, the stretched
preparation is reserved with the free wall o f the right/left ventricle and a cannula is inserted into the
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coronary artery for the Tyrodes' perfusion (see Figure 26). Due to the limitation o f the number o f
rabbits, we only did one experiment o f endo-epi ablation (Figure 27). Because the surface o f the
heart for ablation is not big, only two ablation applications were conducted.

2.6 MATHEMATICAL MODEL OF NSPEF ABLATION

The basic assumption o f our model is that there is a critical electric field amplitude which leads
to the death o f cardiac tissue (and fields with even higher amplitude also do). In order for such a
model to accurately predict ablated volumes, it has to incorporate the physical properties o f cardiac
tissue that determine the local electric field distribution. Also, the critical electric field amplitude
has to be determined. To have such an accurate numerical model, the following criteria need to be
considered for the numerical simulation:
1) The electric field distribution depends on electric conductivities, and in the heart, local
conductivities depend on the cardiac fiber orientations65. Therefore, our model needs to
include information regarding the different fiber orientations in different cardiac layers.
2) By superimposing the dead area determined in an experiment and the corresponding
electric field distribution map computed with a model, the critical field amplitude that leads
to ablation can be determined.
3) Electric fields lead to currents that heat the tissue via Joule heating. This can lead to adverse
thermal side effects, so it is desirable to include the temperature distribution in the tissue
into the model to assess the importance o f heating. Increased temperature also affects the
conductivity o f tissue and therefore the electric field distribution.
4) Once both conditions are satisfied (i.e. no thermal side effects and threshold o f the electric
field is determined), the model can be used to predict the field distributions for different
pulse amplitudes and electrode configurations. These predictions can then be compared to
experimental results.
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Figure 26. Heart preparation for endo-epi experiment. The left ventricle o f the rabbit heart is
stretched and a cannula is inserted into coronary artery for perfusion with Tyrode's solution. The
preparation is retrogradely perfused through the aorta (as in LangendorfF perfusion). The CCD
camera is located to face the epicardial wall to record the action potentials when the heart is
illuminated by laser light.
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Figure 27. Electrode setup for the endo-epi configuration. The frame on which the tissue is stretched
was taken out o f the chamber to better access to perform the ablation.

2.6.1 CARDIAC FIBER ORIENTATION

The heart has its own special architecture. The wall o f the heart consists o f two thin layers at the
surface, the epicardium (outer layer) and the endocardium (inner layer), and in between is the
myocardium which makes up most o f the wall66. Figure 28 shows how the myocardial
microstructure is made o f laminar sheets o f muscle fibers (called myofibers). The space between the
laminar sheets is composed o f extracellular liquid and a collagen network linking the laminar sheets
together. Cardiac myofibers have anisotropic electrical conduction properties, i.e. impulse
propagation is faster in the axial direction than transversally67. The components o f the conductivity
tensors are determined by the electrical properties o f the cardiac tissue and the fiber geometry. The
electrical conductivity along the local fiber direction, called the longitudinal direction, is

ol .

The

electrical conductivities perpendicular to the local fiber direction, called the transverse directions,
are oTy (in y-axis) and Otz (in z-axis).
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muscle fibre

collagen

Figure 28. Cardiac fiber structure65. The myocardium is made o f laminar sheets o f cardiac
myofibers. Electrical conductivity along the fiber o Lis larger than that in transversal direction,
otj, (in y-axis) and oTz (in z-axis or called transmural direction).

Myofiber orientation is commonly quantified by the helix and transverse angles6*. The left panel
o f Figure 29 shows both transversal and helix angles. The transversal angle in the upper panel
shows a tangential overall cardiac muscle fiber “spiraling” through the wail thickness from outer to
inner surfaces. Within each layer o f myocardium, transversal angles describe the individual rotation
o f the fiber with respect to its inner/outer layers.
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Depending on the species o f animal and the location site o f the myocardium, transversal
myofiber orientation varies from around -100° at the epicardium to 100° at the endocardium69,70,71,
72• 73. Modem histological techniques have shown that in the plane o f the wall, the mean muscle
fiber angle makes a smooth transmural transition from epicardium to endocardium. In our
numerical model, the fiber angles a always refer to the transversal angle in the bottom panel.
Myocardial fiber orientations are conventionally measured using histology72, 73. Figure 30 shows the
sectioned transversal fiber angles o f the canine and murine hearts.

Figure 29. Schematic diagram o f muscle fiber orientation in myocardium. Left panel: The bottom
drawing shows the helix angle a heiix, which is negative at the indicated epicardial location; the
upper drawing shows the transverse angle a mm,, in a top view o f the basal plane89. Middle panel:
Parallel fibers which continuously rotate by a constant angle from plane to plane in a helical
structure with a section in grey color. Right Panel: Microstructure o f sectioned tissue91.
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As a viable alternative to conventional histological sectioning, cardiovascular magnetic
resonance (CMR) diffusion tensor imaging (DTI) has emerged with the advantages o f being non
destructive, relatively convenient, and inherently 3D74. A recent study quantitatively obtained
myocardial fiber helix angles o f mice, rabbits, and sheep using diffusion tensor cardiovascular
magnetic resonance71.
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Figure 31. Transmural trajectories o f the myocardial fiber helix angle obtained by DTI datasets o f fixed,
intact normal mouse, rabbit and sheep hearts71. Fiber rotation is given for different locations in the heart:
the middle o f the septum, anterior free wall, lateral free wall, and posterior free wall o f left ventricles (see
Figure 32).

The myocardial structural helix angles o f the left ventricle were investigated at 4 wedge-shaped
regions-of-interest (ROIs, Figure 31), at (a) the middle o f the septum, (b) the anterior free wall, (c)
the lateral free wall, and (d) the posterior free wall, as depicted in Figure 32.
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Figure 32. Regions o f interest for left ventricular myocardial fiber helix angles analysis (see Figure
31). ROls include (a) mid septal wall, (b) anterior, (c) lateral, and (d) posterior free w all71.

In order to best match the numerical simulation result to the nsPEF ablated rabbit hearts results,
we chose the column “lateral data” o f the rabbit heart from Figure 31. This is because the majority
o f our experiments were conducted in this ROI. Thus, the fiber helix angles are set to be -50° to 50°
from epicardium to endocardium for numerical simulation. IRE ablation results relate to electric
field distribution, which is dependent on the conductivity distribution in the targeted regions75.
Longitudinal and transversal electrical conductivities of the rabbit heart were determined by
Schwab et al, using 3D confocal microscopy and image reconstruction76. Longitudinal conductivity
o L= 0.264 ± 0.082 S/m, transversal conductivity in y-direction o Ty = 0.126 ± 0.056 S/m, transversal
conductivity in z-direction (transmural direction) o Tz = 0.217 ± 0.073 S/m.

2.6.2 NUMERICAL MODELING EQUATIONS

The electrical potential within the tissue associated with the pulse is determined by solving the
governing Laplace equation for the electrical potential <X>:

- V • (oVO) =0,

(1)

where o is the electrical conductivity tensor, and the nabla symbol V is defined by
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The electric field E (vector) is defined by the gradient o f the electric potential <D:
E = -V O.

(3)

In a 3D space, x, y, z components of the electric field are defined as
E*= -d O/dx

(4)

Ey= -d <D/dx

(5)

Ez= -d <D/dx.

(6)

The electrical boundary condition o f the tissue that is in contact with one electrode on voltage, V 0
, is applied:
4>(xi)= Vo.

(7)

The electrical boundary condition at the interface o f the other electrode is
4>(x2)=0.

(8)

Then, for any small region o f tissue, the conductivity tensor can be written with respect to a local
coordinate system oriented along the longitudinal direction with 0 degree rotation as:

I

°L
o(0) = 0
0
.

0
0

\

0
0
o Tz

(9)

In all other layers, to represent this tensor in Cartesian coordinates, we must rotate this tensor by
multiplying it on each side by a rotation matrix. We assume that the fiber orientation a is a function
o f layer depth z, and it is determined by local fiber orientation a = a (z), so the corresponding
conductivity tensor is:
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Combining equations (1 )-(6) and (11), equation (1) can be expanded as:
,

\-rdEx
—

'’ i n dx

/
rd E * «
- { o x2+ o y2) j ~ - O r , k — = 0

^ 2' ^ J d y

( 12)

Tz d z

All outer boundaries were assumed to be electrically insulating, i.e. -n • J = 0, where J is the
magnitude o f the current density.
The temperature distribution in the tissue can be obtained by transiently solving a modified
version o f the Pennes bioheat equation with the inclusion o f a Joule heating term:
pC0T/dt = V-(kVT) +|J-E|,

(13)

where tissue density p is chosen to be 1000 kg/m377, heat capacity C ischosen to be 977.16 J/(kg-K)
78, and the thermal conductivity k is chosen to be 0.512 W/(m k ) 79.
All external boundaries were treated as convective cooling, with an exterior temperature o f 37°C
(the heart was immersed into the Tyrode's solution during ablation):
- n - ( - k V T ) = h ( T exl- T )

(18)

,where the heat-transfer coefficient h is set to be 25 [W-m'2K '].

2.6.3

C O M SO L SIM ULATIONS

COMSOL Multiphysics is a powerful finite element analysis software that allows modeling and

\
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simulation o f many physics-based systems. It allows the computation o f electrical fields in
complex-shaped materials with arbitrary electrode positions. The AC/DC and Joule Heating module
(version 4.3b) can be used to solve for the local electric field and temperature distribution when
nsPEFs are applied.

Electrodes
; radius

i
i

electrode
spacing

j
250 pm

Tissue
dimension

Tissue layers

Tissue fiber helix
angle

t
2 mm

5 mm radius;
40
4 mm thickness

Tissue conductivity
;

a= - 50° to 50°,
oL=0.264,
each layer has the i a-r,y=0.126,
increment o f
i oT, z=0.2 17 S/m76
2.56° 71

Table 3: Geometry and dielectric property o f tissue and electrodes

To include the anisotropic conductivities with twisted fiber direction from epicardium to
endocardium, the epicardium was set to be -50°, with increments o f 2.56° for each layer, and the
40th layers (endocardium) will be around 50°. The definition o f the fiber helix angle a in COMSOL
is illustrated in Figure 33.

Figure 33. Definition o f fiber helix angle a for
COMSOL numerical model.

Figure 34. Mesh o f the physical model. Note the pair o f electrodes that are inserted into the
cylindrical cardiac tissue.

A 3D geometry with the same dimensions as our experimental setup (see Table 3) was
constructed in COMSOL. The mesh that COMSOL generated consisted o f 101,963 tetrahedral
elements (Figure 34).
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CHAPTER IH
EXPERIMENTAL RESULTS

In this chapter, we demonstrate the effectiveness o f nsPEF ablation with different electrode
configurations, both in optical mapping experiments and with histological analysis o f the treated
tissue with PI and TTC stains.
A total o f 21 rabbits were sacrificed for this ablation project in the past 2 years. The primary goal
for this project is to achieve fast and effective nsPEF ablation to create lesions on the ventricular
wall o f the heart experimentally. The strategy o f achieving this goal was divided into 3 steps:

1) Testing single application ablation with different electrode spacings and pulse amplitudes,
2) Single application ablation with faster speed,
3) Multiple application ablations to create lesions.

The reasoning behind this approach is that the effects o f electrode spacing and pulse amplitude
(Step 1) are complex and should be studied in the simplest possible setting first. We started with a
pulse protocol that was successful in tumor ablation and verified that it also can ablate cardiac
tissue. Then we studied the effects o f varying electrode spacing and pulse amplitude.
Once we understood how we could ablate a volume o f the desired geometry, we tried different
pulse protocols to increase ablation speed while preserving the ablation geometry as much as
possible (Step 2).
With Steps 1 and 2 in place, we had a fast way o f creating a single ablation with desirable
geometry, and then considered how best to concatenate multiple such ablations into lesions.
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3.1 SINGLE APPLICATION ABLATION TESTING

Optical mapping m alts
Using both activation and amplitude maps, we were able to show that nsPEFs generate
electrically inactive tissue that blocks the propagation o f excitation. Figure 35 shows a successful
ablation with a shock amplitude o f 2kV, 20 pulses at the frequency o f 1 Hz, and 2 mm electrode
spacing. In Figure 36, we reduced the shock amplitude to 1.5 kV. We still observe block, although
Panel C shows that the ablated area is reduced in size. In Figure 37, we show that still lower
amplitude further reduces the size o f the ablated area (Panel C), and propagation block is no longer
achieved (Panel B).

Figure 35. Single ablation shows that action potentials can be blocked successfully in the targeted region
(2kV, 20 pulses at the frequency o f 1 Hz, 2 mm electrode spacing). Left: Photograph o f the cardiac
surface. The two dark dots were mark the locations o f the penetrating electrodes. The black needle on the
right part is the stimulation electrode. M iddle: Activation map, showing the activation sequence. Right:
Amplitude map shows the amplitude of electric signals for each pixel. White color means maximum
amplitude, while dark means minimum or zero amplitude.
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Figure 36. Smaller ablated area obtained with lower pulse amplitude (1,5kV, 20 pulses at the
frequency of 1 Hz, 2 mm electrode spacing). See the caption o f Figure 35 for details.

Figure 37. Incomplete block (0.7kV, 20 pulses at the frequency o f 1 Hz, 2 mm electrode spacing).
See the caption o f Figure 35 for details.

For an increased electrode spacing o f 4 mm, we observed the same general dependency o f
ablation result on the pulse amplitude: small amplitudes created no block; sufficiently large
amplitudes did create block, and any further increase further increased the ablated volume. As
expected, the larger electrode spacing required a larger shock amplitude to achieve block and led to
larger ablation volumes (for sufficiently large fields). Figure 38 shows a representative result for 4
mm electrode spacing and otherwise the same pulse parameters as the result shown in Figure 35.
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Figure 38. Ablation with 4 mm electrode spacing (2 kV, 20 pulses at the frequency of 1 Hz, 4 mm
electrode spacing). For details, see the caption o f Figure 35.

Histology results
With PI staining, we confirmed that the propagation block that we observed in optical mapping
experiments is indeed the result of tissue ablation (i.e. the tissue has been killed).
Figure 39 shows that we can create a contiguous area o f dead tissue around both electrodes, both
for 2 mm and for 4 mm electrode separation. The fluorescence is recorded from the epicardial
surface in all preparations. In the case o f 4 mm separation, we further show that, as expected, a
larger pulse amplitude leads to a larger ablated area.
In Figure 40, we show in more detail how the ablated surface area depends on pulse amplitude,
for a fixed electrode distance o f 4 mm. For a pulse amplitude o f 1 kV (Panel A), we observe some
dead tissue about each o f the electrodes, but there clearly is surviving tissue between the electrodes.
Such an ablation would not cause conduction block. For a pulse amplitude o f 2 kV (Panel B), the
ablated area has increased significantly and there is no more surviving tissue between the
electrodes. If the amplitude is further increased to 4 kV, the ablated area becomes wider (Panel C).

2kV,4mm

2 k V, 2 mm

4kV,4mm

mm

4kV,4mm
Figure 39. PI fluorescence for ablation with different parameters. It was found that the width o f the
ablated area is ~3 mm for 2kV and 2 mm spacing, and 4.5 mm for 4 kV and 4 mm spacing. Another
view o f the 4k V, 4 mm ablation was shown under the green arrow for a better view, by adjusting the
recording angle.

The fluorescent image came from PI staining of the heart, when excited with green laser and
filtered and recorded by a Canon EOS Rebel T li camera. The fluorescent area indicates high PI
concentration, which occurred in dead cells where PI can enter and bind to the DNA (those PI
which cannot bind to live cells were washed out by the perfusion o f Tyrode's solution). The strong
fluorescence indicates that there was a high concentration o f dead cells, most likely because the
electric field was strongest around the electrodes (marked as two dark dots by surgical ink). We also
noticed there was weaker fluorescent light further away from the electrodes, indicating fewer dead
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cells due to a weaker electric field.

A

B

C

4mm
Figure 40. Comparison o f different pulse amplitudes, applied with 4 mm electrode spacing (20 pulses).
A: 1 kV. B: 2 kV. C: 4 kV.

To determine if the ablation is symmetric from epi- to endocardium, we sectioned all the PI
stained tissue with 300 pm thickness (4 kV, 20 pulses at 1Hz, 4 mm electrode spacing). Then we
recorded the fluorescence for each section (see Figure 41 A). By defining a fluorescence threshold
that corresponds to dead tissue and stacking the sections, we could reconstruct the threedimensional geometry o f the ablated volume (see Figure 41B). It can be seen that there is indeed
good approximation translational symmetry, and that the boundaries are quite smooth and uniform.
The shape shown in Figure 41B is well suited to create linear non-conducting lesions.
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Figure 41. Three-dimensional reconstruction o f the ablated volume (4 kV, 20 pulses, 4 mm
electrode spacing). A: Post-processed propidium iodide fluorescence images o f the individual
sections. For each section, we indicate its distance from the epicardium. The total thickness o f the
tissue was 2,400 pm. B: Rendering o f the 3D geometry o f the ablated volume. Red rods indicate
the shock electrodes, gray surface encloses the ablated area.
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3.2 FASTER SINGLE APPLICATION ABLATION

It would be very desirable to reduce the ablation time needed for RF ablation, typically around
30-60 seconds, for a single ablation. In the previous section, using 20 pulses at a frequency o f 1 Hz,
we achieved a reduction o f ablation time to 20 seconds per site. In order to ablate the cardiac tissue
even faster, we attempted the single application ablation using fewer pulses, and faster repetition
rates. We succeeded with 5 pulses at the frequency o f 3 Hz. We found this ablation is effective as
for 20 pulses at 1 Hz if we adjust the amplitude from 2 kV to 2.3 kV for 5 pulses ablation. It should
be expected that lower number o f pulses requires higher amplitude o f pulses to permeabilize a
similar population o f cell membranes, thus to ablate the same volume o f tissue. With 5 pulses at 3
Hz, a single application ablation takes less than two seconds, so that there is not much to be gained
by further reduction o f the number o f pulses. We tried to ablate with single shocks but did not
succeed with the maximum shock amplitude that our pulser could produce (approximately 8 kV). It
should be noted that for our ultimate goal delivering nsPEF ablation pulses through a catheter, it is
desirable to keep the pulse amplitude down (this reduces the risk o f sparking between the wires), so
that the 5 pulses at 3 Hz whose effectiveness we demonstrated may not need to be modified.
Figure 42 illustrates tissue is ablated with 5 pulses o f 2.3 kV at the frequency o f 3Hz. We
performed 15 such ablations in 5 different hearts, and all o f them exhibited block as shown in
Figure 42.
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B

Figure 42. Cardiac surface before and after an ablation (2.3kV, 5 pulses at the frequency o f 3Hz
with 2mm electrode spacing). A: Photograph o f the cardiac surface before ablation. B:
Photograph o f the cardiac surface after ablation. The electrode insertion points are marked by
black dots. The elongated black shape on the right is the shadow o f the stimulation electrode
(used to initiate electrical activation). C: Action potential amplitude map before shock
application. Black corresponds to zero action potential amplitude, white to maximal action
potential amplitude. D: Action potential amplitude map after shock application. The action
potential amplitude is dramatically reduced in the area between the shock electrodes. E:
Activation map before shock application. Colors code the time after stimulus application at
which a surface element is activated. Black areas are activated first, white areas last (see scale).
Arrows show the propagation speed proportional to the scale. F: Activation map after shock
application. Activation travels around the area o f shock application with curved arrows. The two
red spots mark the location o f the electrodes, and the circled area shows the ablated tissue.
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3.3 MULTIPLE APPLICATION ABLATIONS TO CREATE LESIONS

To demonstrate non-conductive lesions convincingly, the anisotropic nature o f cardiac tissue
should be considered. Generally, cardiac activations travel faster in the local direction o f the fibers
than orthogonal to it. It is best to first identify the direction o f fast propagation at the stimulation
electrode (see the green arrow in Figure 43) and then orient the lesion perpendicular to that (the red
line in Figure 43). The reason such a perpendicular orientation is preferred is that a conduction
block is more readily visible if fast propagation is blocked than if slow propagation is blocked.

Figure 43. Determining optimal orientation for lesions to best demonstrate non-conductiveness
using an activation map. The direction o f fastest propagation (green arrow) is determined
before ablation, and then lesions are created perpendicular to this direction (red bar), to
produce pronounced conduction block.

While our previous results showed that we can fully ablate the tissue between the electrodes for a
spacing o f either 2 mm or 4 mm, we focused on 2 mm spacing in the following simply to have
enough space in the rabbit ventricle to perform several ablations in a row (typically 4 or 5).
We considered 3 different ways to create lesions by a single application ablation we proposed at
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the beginning o f the experiment, shown in Figure 44. For the first ablation scheme (Panel A), we
would move the ablation electrodes in the direction defined by the insertion points between shock
applications. More specifically, we would move them by more than the electrode spacing so that the
lesion becomes contiguous only if each single application ablation ablates tissue beyond the area
between the electrodes. In our experience, for an electrode spacing o f 2 mm, moving the electrodes
by 3 mm between applications is appropriate. This results in gaps o f 1 mm between the insertion
points and consistently gave us non-conducting lesions.
In a second ablation scheme, the electrodes are still move in the direction defined by their
insertion points, but only by half the electrode spacing, so the single application ablations become
interwoven (Figure 44 B). This should lead to more uniform lesion thickness, but the ablation
process should take about twice as long as for side-by-side lesions. We have successfully used this
scheme a few times, but have not pursued it further because the more efficient scheme shown in
Figure 44A consistently produced non-conducting lesions.
The third ablation scheme that we considered is to move electrodes in the direction perpendicular
to that defined by their insertion points between shock applications. This is the most timeconsuming scheme, but it should lead to the lesions with most homogeneous widths. As in the case
o f the second ablation scheme, we only tried a few ablations with this scheme because it is more
time consuming and the anticipated gain in uniformity was not yet a major concern.

59

1m m

3m m

4m m

Figure 44. Different ways o f creating lesions from single application ablations. Each
semicircle indicates a single ablation application with the electrode positions at the end
points o f the semicircle. Ablated area are circled in red color. A: Electrodes are shifted
in field direction between applications, large shift. B: Electrodes are shifted in field
direction between applications, small shift. C : Electrodes are shifted perpendicular to
the field direction between applications.

Optical mapping results
In each rabbit heart, there was enough space to create 2 lesions on each free ventricular wall
using the scheme o f Figure 44A. In our experiments, we successfully created lesions o f length 1214 mm, which need 4-5 single ablations. Figures 45 and 46 show representative optical mapping
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data that demonstrate the presence o f non-conductive lesions.

Figure 45. Optical mapping data verifies that lesions were created successfully by multiple
ablations on left ventricle o f rabbit heart (5 single ablations conducted by side-by-side method,
each ablation adopted the parameter o f 2.3 kV, 5 pulses at the frequency o f 3 Hz with 2 mm
electrode spacing). See captions o f Figure 42 for details.
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Figure 46. Two more successful nsPEF lesions, one created on the left ventricle (upper row) and one
on the right ventricle (lower row) o f a rabbit heart. Left column: Photographs o f ablated tissue.
Middle column: Activation maps. Right column: Amplitude maps.

Histology results
As we described in Section 2.1.5, we originally used PI to measure the extent o f tissue ablation in
our experiments but later switched to TTC. As a result, we have two different sets o f data that
characterize the geometry o f the lesions that we created with nsPEF. Here, we show the TTC results
because they offer a more detailed view, but in our statistical analysis (Section 3.4), we consider
lesion data obtained with both methods.
Figure 47 shows sample sets of TTC-stained sections o f lesions parallel to the cardiac surface.
Sections o f 300 pm thickness were obtained at different tissue depths; each column illustrated the
sectioned tissue from epicardium to endocardium. If the lesion happened to be located on a part o f
the heart with high curvature, we discarded sections that contained too little tissue; that is the reason
why the number of sections differs from section to section.
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In the left column o f Figure 47, we observed straight, sharp boundaries between ablated and
surviving tissue. Indeed, the zoom shown in Figure 48A shows that there is an almost complete
switch from white (dead) tissue to red (live) tissue from one fiber to the next, i.e. within about 100
pm. The middle and the right column o f Figure 47 exhibit more curved boundaries between ablated
and surviving tissue, and the zoom in Figure 48B shows that the boundaries are not quite as sharp as
in the case o f Figure 48A.
Further experiments confirmed that when the applied field is in the fiber direction, we get straight
and very sharp boundaries; if the field is applied across fibers, the boundary' is less straight and not
quite as sharp. A compelling explanation for this finding is that the good connectivity along fibers
facilitates the exchange o f ions and molecules, including those specific to dead cells that may also
harm neighboring cells (“death signals”). In this view, death o f part o f a fiber promotes death o f the
remainder o f the fiber. Applying this idea to Figures 47 and 48, we should expect that in the left
column o f Figure 47 and in Figure 48A, in which the field within each fiber is relatively constant, to
either die completely or not at all. At the same time, the middle and right columns o f Figure 47 and
Figure 48 show a situation in which the fibers extend from the maximum between the electrodes all
the way to near-zero fields, so the cells that make up the fiber should die between the electrodes but
not far away from them. Still the “death signal” from the cells between the electrodes travels
outside for some distance, and this process is not stable and leads to less straight and sharp
boundaries.
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Figure 47. TTC stained sectioned tissue with lesions created using 2.3kV and 5 pulses at a frequency
of 3Hz with 2mm electrode spacing for both columns. Section thickness is 300 pm.
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Figure 48. Microphotographs o f the marked regions in Figure 47. A: Microstructure o f highlighted
region on the left column o f Figure 47. Fibers are aligned with the applied field. B: Microstructure
o f highlighted region on the right column o f Figure 47. Fibers are perpendicular to the applied
field.
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We used the sections o f Figure 47 to reconstruct the 3D geometry o f the sections (see Figure 49).
The sharp, straight boundary and great consistency o f the ablated volume are far superior to the
geometry that RF ablation achieves. Even the middle and the right row, for which the boundary is
less straight, have excellent consistency of the ablated volume from epi- to endocardium.

Figure 49. 3D re-construction for the TTC sectioned tissue on the left column of Figure
50. The two renderings show the same ablation volume from different angles.

3.4 LESIO N W ID TH STATISTICS

A total o f 12 rabbits were used to acquire lesion statistics and assess the reproducibility o f lesion
creation (14 lesions were evaluated). The results are illustrated in Figure 50. For 2 mm electrode
separation and 2.3 kV pulse amplitude, we assessed the lesion width both with PI stains and TTC
stains. For PI stains (n=7) we found an average width of 2.3 mm (standard deviation 0.2 mm), while
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with TTC stains (n=7), the average was 3.1 mm (SD 0.56 mm). We also created two lesions with 4
mm electrode separation and 4.3 kV pulses (n=2); evaluation o f the lesion with TTC staining gave
an average thickness o f 5.5 mm (SD 0.5 mm).
Differences between the PI and TTC values may on the one hand be caused by the blurred images
that PI staining produces, which limits the accuracy with which we can determine lesion thickness.
At the same time, the stains target different, complex processes in the cell (see Section 2.1.5), and
some variation should be expected.

2.3 kV PI Staining

2.3 kV TTC Staining

4.3 kV TTC Staining

Figure 50. Lesion width statistics and standard deviation for different pulse amplitudes. Lesion
width was measured perpendicular to the line connecting the electrodes, at the midpoint between
the electrodes.
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3.5 EXPERIMENTAL RESULTS FOR ENDO-EPI CONFIGURATIONS

Besides the penetrating electrodes configuration, we also tested the ablation effect with endo-epi
configuration (one electrode touching the endocardium and the other the epicardium, see schematic
in Figure 51). Figure 51 shows that with 6.5 kV, 6 pulses at 3 Hz, we achieved a complete
transmural and very uniform ablation, a dramatic improvement over the results other groups
published for nsPEF ablation (see Figure. 8).
To get further information on the 3D geometry o f the lesion, we sectioned the tissue parallel to
the cut surface shown in Figure 51. The results are shown in Figure 52; increasing section numbers
indicate greater distance from the surface shown in Figure 51. The lesion remains transmural in all
sections, although the width o f the lesion expectedly decreased and some surviving islands o f tissue
are visible in sections 7-9.
A second lesion was created with the same pulse parameters. This lesion was shipped out for
histological analysis with yet another stain (Masson trichrome stain), and the results are not back;
however, visual inspections showed that the ablation was successful and the lesion geometry very
similar to that shown in Figures 51 and 52.
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Figure 51. Cross sections o f nsPEFs ablated tissue stained with TTC with 6.5 kV, 6 pulses at the
frequency of 3 Hz. Schematic diagram shows that the targeted tissue was ablated with one electrode
on the epicardium and the other one on the endocardium. Tissue was then cut half vertically, in the
center o f the electrode axis. The halves were labeled “ 1” and “2”, and for each half, we show the cut
surface in the lower row. Electrodes in Panels “ 1” and “2” have been placed back onto endocardium
and epicardium.

endo-

4

9

Figure 52. Sections o f an ablation volume created with the endo-epi electrode configuration.
Section 1 cuts through the center o f the ablated volume, subsequent sections are increasingly
outwards from the center. Sections are 300 pm thick. Areas stained red survived the ablation, while
white regions were ablated.
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3.6 DISCUSSION

Our experimental results show that nsPEFs can be used to ablate cardiac tissue and make non
conducting lesions. We have identified pulse schemes that consistently and quickly produce
transmural lesions, and we are able to vary the width o f the lesions within the clinically desired
range (3-5.5 cm). These findings confirm our expectation that nsPEFs can overcome the major
limitations o f RF ablation.
Indeed, lesion geometries as those shown in Figures 47-49 and 51, show much more uniform
thickness than RF ablation can achieve (compare Figure 4), and it is likely that such consistent
thickness makes it less likely that the lesions later become conductive again and RF recurs. Ablation
speed has been reduced from 30-60 s for RF to less than 2 s per ablation site with nsPEFs, a
dramatic improvement that would reduce the overall procedure time for AF ablation from currently
4 hours to less than an hour (according to an estimate o f our clinical collaborator).
Another limitation o f RF ablation, the thermal side effects, has not been directly addressed in this
section, but it is well known from tumor ablation that hundreds o f the pulses with our characteristics
are needed to warm (tumor) tissue by several degrees Celsius, so that the few pulses that we apply
here should not lead to significant heating. We will address this question in more detail in the next
section.
Finally, the results from this section also raise some new, interesting questions. Figures 47 and 48
clearly show that fiber organization has a decisive impact on ablation outcomes. In the following
section, we want to explore this subject further in numerical simulations. Our goal is to simulate
electrical field distributions for realistic tissue parameters (that mimic our experimental preparation)
and to compare experimental and theoretical results. We also want to determine the critical field
needed for tissue ablation and develop and understanding o f how fiber organization influences the
shape o f the volume in which supercritical fields are reached.
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CHAPTER IV
NUMERICAL SIMULATION RESUILTS

Ablation effects are related to the tissue electric field distribution, and can be predicted by
numerical modeling. In this chapter, we modeled rabbit heart ablation with different electrode
configurations, including anisotropic twisted electric conductivities. Good matches between electric
field distribution and experimental results are obtained, and the threshold electric field which lead
to tissue death is also determined. Causes o f the remaining discrepancies are discussed. Finally,
human heart ablation results are predicted with modified models, which can provide guidelines for
treatment planning.

4.1 NUMERICAL RESULTS FOR PENETRATING ELECTRODES CONFIGURATION

4.1.1 EXPLANATION OF INDENTATION OF ELECTRIC FIELD DISTRIBUTION

Based on our discussion in sections o f 2.6.1 and 2.6.2, anisotropic electrical conductivities vary
the local electric field distribution in the x, y and z directions; this can be related to equation (12):
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To better illustrate how local conductivities change the electric field distribution, we assume fiber
rotation equals zero, i,e, a(z)=0, and conductivity in the z direction equals zero, i,e, o T, *=0. Thus,
equation (12) becomes
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Thus, the ratio o f longitudinal conductivity to the transversal y direction determines the local
field distribution. Figure 53 illustrates this by changing different value o f oL/ oTj, how the norm
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local field distribution changes.
As the ratio increases from 1 to 10, the derivative of the negative electric field in the y direction
increases from 1 to 10. This equation explains that the electric field change in the y-direction is
much faster than in the x-direction, so the norm electric field looks compressed in the y direction,
and stretched in the x direction.

Figure 53. Electric field norm distribution changes due to different value o f o L/ Ot, y. Top let:
ratio=l. Top right: ratio=2. Bottom left: ratio=5. Bottom right: ratio=10.

The norm o f the electric field is defined as

E =^E]+E
2yv+E2
"x
" zl

(15>

Interesting indentations were observed around the electrodes along the x-axis. They can be
explained using the panels o f figure 54. In this Figure, conductivity in the z-direction has been set to
zero, so the term Ez equals zero in equation (15). If the anisotropy ratio is equal to 1, the electric
field is that o f a regular dipole in an isotropic medium, well-known to produce a smooth norm of
the electric field. When the anisotropy ratio increases to 10, the field components in the x- and ydirections are compressed in the y-direction and stretched in the x-direction (bottom panel).
Because o f this compression/stretch, the indentations that are always present in E y at the x-axis
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become visible in the norm o f the field.

Ex:

Ey:

|E |;

ratio=l

; f
ratio= 10
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Ey:

|E |:

Figure 54. Ex, Ey, and the norm o f the electric field for different anisotropy ratios. Blue color
indicates negative field strength, while red color indicates positive electric field strength.

Due to the fact that cardiac tissue has different fiber orientations in each layer, we also need to
consider the effect o f twisted anisotropic conductivities. To illustrate how the fiber orientation
affects the field distribution, we set the ratio o f longitudinal to transversal to be 10 for 4 tissue
layers, each layer with anisotropic electrical conductivities o f 0°, 30°, 60°, and 90° (Figure 55).
Different from the previous simulation, the different layers are now coupled, i.e. E z is no longer
zero but Ez=Ey. It can be seen that the electric fields are twisted, according to the fiber angle. This
finding will be helpful to understand our modeling results below, in that the fiber angles change
more continuously, over more tissue layers.
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Figure 55. Illustration o f local electric field distribution for different fiber orientations. Layers have
fiber orientation angles (with respect to the positive x-axis) o f 0° (top left), 30° (top right), 60°
(bottom left), and 90° (bottom right).

4.1.2 JOULE HEATING ANALYSIS

Since Joule heating is included in our model, we can assess the temperature distribution in our
tissue at the end o f a pulse to exclude the possibility o f unexpected thermal effects. Our result is that
the shock-induced heating is minimal (see Figure 56), less than 0.2°C for all locations that are at
least 100 pm away from the electrodes, and less than 1.5°C even at the node closest to the
electrodes. While these results are for a single shock, a sequence o f 5 shocks would result in less
than five times the temperature increases and still not lead to any significant thermal effects.
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Figure 56. Temperature distribution in our model after one shock (2.3 kV, 350 ns)
is applied between penetrating electrodes with 2 mm separation.

4.1.3 ELECTRIC FIELD DISTRIBUTION FOR SMOOTHLY VARYING FIBER
DIRECTION

For all the numerical simulations with different electrode configurations o f penetrating, endoendo, and endo-epi, we used 40 layers, each one rotated by 2.56° compared with its neighbors (see
Methods for details). The fiber orientation at the bottom layer (endocardium) was set to be 50° and
that at the epicardium (after rotations through 40 layers) becomes around -50° in accordance with
the experimentally measured fiber rotation in rabbit ventricles.
One crucial test for our model is whether the field distributions it predicts agree with the
experimentally determined regions o f dead tissue in the sense that there should be some critical field
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strength above which tissue dies (this threshold is not a priori known). We started by comparing
regions o f PI fluorescence from experiments with our modeled distributions (see Figure 57) and
found that a critical field o f 3 kV/cm quite accurately predicts the ablated volume. The main
limitation in this comparison is the accuracy o f the PI stain; we show below that TTC stains give an
even better agreement with simulations under the assumption that 3 kV/cm is the critical field.

kv/cm

4 mm
Figure 57. Comparison o f theoretical simulation o f electric field distribution with experimental
results obtained from PI stained ablated area. Electrode spacing (a-f) is 4 mm. Amplitudes of
shocks applied are 1 (a,d), 2 (b,e), and 4 (c,f) kV.

With this determined electric field strength, norm electric field distribution plotting the isosurface
o f 3 kV/cm is depicted in Figure 58. Electrodes are aligned in the x-axis in the upper row, and in the
y-axis in the bottom row. These simulation results shows relatively uniform boundaries from the
epicardium to the endocardium can be expected, no matter how we rotate the penetrating electrodes'
angles. We will later see that this uniformity is due to the low ratio o f longitudinal to transversal
conductivity o f a rabbit heart (0.264/0.126 =2). Thus, the norm o f the electric field in each layer
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does not vary much in the x- and y-directions, so the difference o f electric field distribution
contours between x and y axis electrodes alignment does not vary too much. The transmural ablated
volume in the yz-plane shows a more uniform cross section o f the ablated volume than the elliptical
profile obtained by RF ablation in Figure 3.

Figure 58. Isosurface o f electric field strength (E= 3 kV/cm) induced in tissue with twisted
anisotropy with electrodes aligned in x-axis (upper row) and y-axis (bottom row). The electrodes
appear as a pair o f circles in the middle column (aligned horizontally in the top row and vertically
in the bottom row). The amplitude o f the pulses are set to 2.3 kV in order to compare the results to
experimental ones. Left column: oblique view. Middle column: xy-plane. Right column: yz-plane.

4.1.4

COMPARISON OF NUMERICAL AND

EXPERIMENTAL RESULTS

FOR

PENETRATING CONFIGURATION

By superimposing the numerically determined isosurface for 3 kV/cm onto the stained
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histological sections, we can compare theoretical predictions and experimental measurement o f the
ablated tissue in all o f our sections. For our simulations, parameters o f tissue and electrodes
geometry are chosen to be the same as in our experimental setup, in order for the comparison.
Figures 60 and 61 show an excellent match o f experimental results and theoretical predictions.
In Figure 60, the fiber direction in the different sections can be seen by the naked eye, and it
changed little from epicardium to endocardium (by less than 45 degrees). The fibers are
approximately in field direction in all sections. Since the upper row in Figure 58 predicts a very
consistent cross-section o f the ablated volume in all layers, we chose to use the xy-projection o f the
3 kV/cm isosurface (top middle panel in Figure 58) and to superimpose it onto the sections in
Figure 60, aligned with the fiber direction at the electrode position.
The resulting match in Figure 60 is nearly perfect. In Figure 61, the match is also close, but the
limited quality o f the PI stain does not allow a comparison in as much detail as in Figure 60. The
remaining discrepancies between numerical and experimental results, may be due to either errors in
our experimental measurement and or errors in the numerical model. Shortcomings o f the model
will be discussed in section 4.5. Errors from experimental measurement include: 1) PI staining
measurement inaccuracy, as discussed; 2) sectioned tissue might get stretched during the sectioning
process or when placed onto glass slides; 3) sometimes dead tissues were over-stained or under
stained with the PI or TTC dye, for example due to heterogeneities in the target tissue, such as
blood vessels (see Figure 59) or fibrous tissue that affected the local field distribution. In these
circumstances, local dead regions might vary to a certain degree from expectations; 4) sometimes
the location o f penetrating electrodes happened to encounter an uneven endocardial surface (see
Figure 59), that might change the local field distributions.

Figure 59. Cross section of a mammalian heart. Left ventricle is on the left 90

Figure 60. Superposition o f the projection o f the isosurface o f electric field strength (E= 3 kV/cm)
from numerical model (green) onto sectioned TTC stained tissue ablated by 2.3 kV, 5 pulses at 3Hz
with 2 mm spacing, from epicardium to endocardium. The green boundary has been rotated to match
the field direction (defined by the electrode positions) in each layer.
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Figure 61. Superposition o f the projection o f the isosurface o f electric field strength (E= 3 kV/cm) from
numerical model (red) onto sectioned PI stained tissue ablated by 4kV, 20 pulses at 1Hz with 4 mm
spacing, from epicardium to endocardium. The red boundary has been rotated to match the field direction
(defined by the electrode positions) in each layer.
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4.2 ENDO-EPI AND ENDO-ENDO CONFIGURATIONS

Endo-eoi
The endo-epi configuration does not require piercing the tissue with electrodes, and the fact that
electrical fields are applied transversal to fiber direction (independently o f how the fiber direction
changes across the wall) suggests that it will be less sensitive to fiber twist. Figure 62 shows the
model geometry and the 3 kV/cm isosurface for a 6.5 kV pulse. Panels B through D show a very
uniform transmural geometry that is very well suited for the construction o f uniform lesions.

C

D

Figure 62. Isosurface (3 kV/cm) plotting o f electric field distribution for 6.5kV shocks applied with
the endo-epi electrode configuration. The two cylinders at the bottom and the top o f the tissue in
Panel A are electrodes, each with a radius o f 3mm. Material parameters are the same as the one using
penetrating electrodes. Panels B, C, and D show the yz-projection, an oblique view, and the xyprojection o f the ablated volume. The positions o f electrodes are marked with circles in Panels C and
D.
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Endo-Endo
Compared to the other two nsPEFs electrode configurations, the endo-endo configuration is the
most straightforward to implement; existing RF ablation catheters could be used with small
modifications. Figure 63 shows the model geometry (Panel A) and simulation results. The plot o f
the 3 kV/cm surface shows that transmural ablation can be achieved, although only for a relatively
high pulse amplitude o f 9 kV. Panels A. B, and D show that the cross section o f the ablated tissue is
not as uniform as for the endo-epi configuration. The main disadvantage o f using this configuration
is, however, that the pulse amplitude required for transmural ablation increases sharply with the
tissue thickness, so that ablation o f thicker tissues becomes impractical.

C

D

Figure 63. Isosurface (3 kV/cm) plotting of electric field distribution with 9kV shocks applied for
Endo-endo electrodes configuration. Two circles (panel C) are electrodes, each with the radius o f
3mm and 0.2 mm spacing. Material parameters are the same as the one using penetrating electrodes.
Panels B, C, and D show the yz-projection, an oblique view, and the xy-projection o f the ablated
volume. The position o f electrodes are marked with circles in Panels C and D.
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4.2.1 COMPARISON OF NUMERICAL AND EXPERIMENTAL RESULTS FOR ENDO-EPI
CONFIGURATION

To evaluate the accuracy o f our model's predictions for the endo-epi configuration, we again
superimpose the isosurface for 3 kV/cm onto our experimentally determined ablated volume (as in
Figures 60 and 61). The results are shown in Figure 54. Remarkably, the diameter o f the predicted
ablated volume very closely matches the experimentally determined one, and the match in shape is
likewise very close.

endo
Figure 64. Superposition of critical electric field o f 3 kV/cm with same electrode radius from numerical
simulation onto the experimental results from Figure 51 and 52. Top row: Ablated volume and extracted
outline. Bottom Row: Outline superimposed over Panel 1 o f Figure 51 and Panel 1 of Figure 52.

4.3 NUMERICAL MODELING FOR HUMAN LEFT VENTRICLE ABLATION

So far we have shown that our hypothesis o f 3kV/cm critical electric field for ablation in our
numerical models is consistent with experimental results we obtained in rabbit hearts. It is
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reasonable to assume that a similar ablation threshold applies to human cardiac tissue. In this
section, we will explore how the specific properties o f human cardiac tissue affect simulation
results, and how our model can be used as a guideline to predict future nsPEF ablation treatment for
humans. We consider both the case o f human left ventricle ablation and human atrium ablation.
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Figure 65. DTMRI-acquired fiber orientation at different subdivisions in the left ventricle69. Bottom
panel: Schematic diagram o f left ventricle subdivisions. It is subdivided into 10 parts in the x-y and into
10 slices in the x-z plane. The red-colored subdivisions are part of the septum (9, 10, 1, 2). Top left: ctheiix
in slice 5 o f the x-z plane at all corresponding x-y segments. Top right: a heiix in part 3 o f the x-y plane at
all x-z segments.

The main physiological difference between humane and rabbit cardiac architecture are that the
cardiac anisotropy is more pronounced in humans, with a longitudinal conductivity o f 0.2 S/m, a
transversal 0.02 S/m, and an anisotropy ratio of 10 (see 80). Besides, anatomical models o f the
human ventricles constructed using diffusion tensor (DT) MR] data suggest that the change in fiber
orientation is larger across the cardiac wall, and that the helix angle (a) changes from -75°
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(epicardium) to 60° (endocardium)81, 69, a larger change than for the rabbit heart. Figure 65
illustrated the DTMR1 acquired fiber orientation o f a at different subdivisions in the left ventricle.
The main reason to choose left ventricle for the simulation is that it is thicker than right ventricle,
which makes the ablation more challenging. Normally, the thickness o f left ventricle o f human heart
is around 10 mm82.
With these parameters, we performed simulation of the electric field distribution for the
penetrating electrode configurations (Figure 66). Panel A shows the model geometry, and Panels BD different views o f the ablated volume. Due to high anisotropy ratio, the varying fiber orientation
leads much greater changes o f the ablated cross section across the wall (compare Figure 66 to
Figure 58). The geometry o f the ablated volume suffers from deficiencies similar to those o f RF
ablation volumes: To obtain lesions that maintain a certain minimum width eveiywhere, much more
tissue needs to be sacrificed in other places.
Fortunately, endo-epi ablation is much less affected by varying fiber direction and high
anisotropy ratio (see Figure 67). Panel A shows the model geometry, and Panels B-D views o f the
ablated volume that demonstrate that the cross section o f the ablated volume can be kept close to
constant for an adequate pulse amplitude (4.1 kV).
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Figure 66. Isosurface (3 kV/cm) for 2.3 kV shocks applied with the penetrating electrodes
configuration. Panel A shows the geometry o f tissue with 10 mm thickness (40 layers). Panels B,
C, and D show an oblique view, the xy-projection, and the yz-projection o f the ablated volume.
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Figure 67. Isosurface (3 kV/cm) for 4.1 kV shocks applied for endo-epi electrodes configuration.
Both radii o f electrodes are 2 mm. Panels B, C, and D show an oblique view, the xy-projection,
and the yz-projection of the ablated volume. Note that the isosurface intersects the boundaries o f
the medium, these intersections lead to holes in the isosurface in COMSOL's rendering.
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4.4 NUMERICAL MODELING FOR HUMAN ATRIUM ABLATION

Compared with the left ventricle, the atrium is much thinner, and there is less variation in fiber
orientation. There are, however, some abrupt changes in fiber orientation in some parts o f the
atrium (see Figure 68). The anisotropy ratio is similar to that o f human ventricles.
To represent these jum ps in fiber orientation in our model, we created 3 different layers in our
medium (each 1 mm thick). From epidcardium to endocardium, the fiber orientation in these layers
are 0°, 45° and 90°.

Interatrial groove
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Figure 68. Schematic diagram o f serial dissections from subepicardium to subendocardium (left to
right) in the left atrium to display the atrial myoarchitecture in a normal human heart 97. Broken
lines highlight the major orientations. TV standard for tricuspid valve, MV for mitral valve,
superior (SCV) and inferior caval veins (ICV).

Ablated volumes for penetrating and endo-epi configurations were then modeled as previously
described. The results for the penetrating electrodes configuration are shown in Figure 69.
Transmural ablation can be achieved with a pulse amplitude o f 1.8 kV/cm, but as in the case of
ventricular simulation, the high anisotropy ratio combined with significant fiber twisting results in a
geometry o f the ablation volume that has very different widths in different depths and therefore
creates the now familiar conflict that too much tissue needs to be ablated to assure an consistent
minimum thickness in the lesions. The endo-epi configuration again leads to much more uniform
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lesions. As Figure 70 shows, a 2.3 kV pulse ablates a volume o f approximately constant cross
section.

B

D
Figure 69. Isosurface (3 kV/cm) for 1.8 kV shocks applied for penetrating electrodes configuration.
Panel A shows the geometry o f tissue with 3 mm thickness (3 layers). Panels B, C, and D show an
oblique view, the xy-projection, and the yz-projection o f the ablated volume.

c
Figure 70. Isosurface (3 kV/cm) for 2.3 kV shocks applied for endo-epi electrodes configuration.
Electrodes have a radius o f 2 mm. Panels B, C, and D show an oblique view, the xy-projection,
and the yz-projection o f the ablated volume.

4.5 LIMITATIONS OF OUR NUMERICAL MODEL

While our results from numerical modeling match most o f our experimental results, there is at
least one important known effect o f nsPEFs that are not included and that deserves some discussion,
i.e. membrane permeabilization. Several studies have found that electrical conductivity is dynamic
and will change in response to the pulsed electric fields83. This means that the measured electrical
conductivity o f tissue may increase after the application o f electroporation pulses or in between the
application o f multiple pulses, rather than being constant84 50. The main reason for such changes is
that pore formation improves electrolyte mobility through the cell, increasing bulk tissue
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conductivity85,86. Due to the fact that electrical conductivities are not constant after IRE treatment,
the electric field distribution will change accordingly.
In particular, experiments by Neal et al. show that the conductivity o f swine kidney changes in
response to a single applied pulse with different pulse width86. The electrical conductivity o f the
tissue samples was calculated from measured current and voltage data, shown in Figure 71. As
electric field strength goes up, electric conductivities increase. It is also noticed that the pulse width
affects the change o f conductivity: a wider pulse leads to higher conductivity given a certain electric
field.

ifiuuriT <

200 |a

100 us

5.1
4.6

n

4.1
Increasing
pulse length

3.6

•o

3.1 c
2.6

3

1

2.1 m
mmm
01
1.6 oc
1.1

Electric Field (V/cm) 15° °

0.6
2000

Figure 71. Electrical conductivity versus electric field with different pulse widths at 24
± 2 °C86. Asymmetric Gompertz fits for o(E) are shown as dashed lines.

In the model by Neal et al., a modified asymmetrical Gompertz curve was chosen to fit all the
experimental results
o(E) =

C o + ( a ma* -

Oo)

• exp[-A • exp(-B • E)],

(16)

where o0 is the baseline conductivity without IRE treament and o max is the maximum (fully
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saturated) conductivity for thoroughly permeabilized cells within a single pulse. E is the electric
field in V/cm, and A and B are unitless coefficients that vary with pulse width and need to be
determined by best fitting the curve with experimental data (dashed line in Figure 71). Different
tissues may have different curve shapes, so A and B coefficients need to be adjusted be
experimental data accordingly. A characterization o f conductivity changes for cardiac tissue
following the methodology o f reference86 would make our model more predictive.
Besides the missing membrane permeabilization, our model also omits many details o f the
structure o f cardiac tissue, such as the presence o f large blood vessels, which affects the electric
field distribution due to a different value o f conductivity50, or the detailed geometry o f the tissue,
which we assume to be flat. Inclusion o f such structural details would greatly increase the
complexity o f our model and are probably not justified at this point, since it does not seem feasible
to obtain detailed structure information in a clinical setting, and our model predictions closely
match experimental results even without such detail.

4.6 DISCUSSION

We have developed a detailed model o f electric field distribution in cardiac tissue that includes
anisotropic conduction and the variable fiber direction. Figures 60, 61, and 64 show a remarkable
agreement o f our model results with experimental results and strongly suggest that the critical field
needed to ablate cardiac tissue is close to 3 kV/cm.
Yet, the model does not only confirm what we know from our experiments; it also makes two
important predictions that will guide our future experimental work. First, it predicts that in species
with a higher anisotropy ratio ( ol / oT,y), which includes humans, the penetrating electrode
configuration will lead to ablation geometries that are oblong in every layer, with an orientation that
varies across the cardiac wall as the fiber direction varies. Such a geometry may severely limit the
usefulness o f the penetrating electrode configuration because it requires high fields to maintain
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some minimum lesion thickness in all layers. Such high fields will lead to unnecessarily wide
lesions in other layers (similar to the case o f RF ablation).
At the same time, our model also predicts that the problems with lesion geometry in the
penetrating electrode configuration do not appear in the endo-epi configuration. This, in
combination with the very promising experimental results for the endo-epi configuration (Figures
51 and 52), justifies optimism regarding the clinical potential of nsPEF ablation.
Before nsPEF ablation has a chance to be tested in a clinical trial, it will have to be tested in
larger animals. Guided by our present results, we will choose a species that has an anisotropy ration
that is high similarly high to that o f humans (most likely pigs), and expect problems with
penetrating electrodes but good results for the endo-epi configuration. If we indeed obtain these
results, we would have a strong argument that humans, too, may benefit from nsPEF ablation.
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CHAPTER V
CONCLUSIONS AND FUTURE WORK

Irreversible electroporation is a new technique to kill cells in targeted tissue through a nonthermal mechanism using electric pulses that irreversibly permeabilize cell membranes. In this
project, we successfully ablated myocardial tissue using IRE-based nsPEFs delivered by different
configurations o f customized electrodes. This chapter will summarize our conclusions and clarify
the directions for our future research on nsPEF ablation.

5.1 CONCLUSIONS
•

It has been verified experimentally by optical mapping and PI / TTC staining that nsPEFs
can effectively and transmurally ablate cardiac tissue with penetrating and endo-epi
electrode configurations. Single ablation can be achieved in less than 2 seconds, much
faster than conventional RF ablation. Tissue sections suggest that a sharply defined and
transmurally uniform ablated volume can be achieved, better than the elliptical shape from
RF ablation. This better controlled ablated volume from epicardium to endocardium
reduces the risk that lesions are too thin in some regions, so the treatment o f atrial
fibrillation should be more reliable. Besides, due to the mechanism o f ablation, which is
based on electroporation rather than thermal effects, there are no thermal side effects such
as thrombus or char formation.

•

For the penetrating electrodes configuration, the most common method in this project for
pulse delivery, average width o f ablated tissue o f 3 mm can be achieved, by pulse a
amplitude o f 2.3 kV, with 5 pulses at the frequency o f 3 Hz. By repeating a series o f single
ablations along a line, lesions were successfully created to block the propagation o f action
potentials.

•

For the endo-epi electrodes configuration, sectioned tissue shows transmural ablation was
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also successful, with a pulse amplitude o f 6.5 kV and 6 pulses at the frequency o f 3 Hz.
This configuration requires less modification o f the current RF ablation catheter than
penetrating electrodes.
•

The ablated region is related to the local electric field distribution inside the tissue, which
can be predicted with numerical modeling. Finite element models were created using
COMSOL Multiphysics to demonstrate the impact o f anisotropic conductivities on the
electric field distribution. We used twisted anisotropic conductivities in different layers o f
the tissue, as they are present in cardiac tissue. By superimposing the electric field
distribution contours onto the dead region o f experimental ablated tissue, the critical field
required to ablate the cardiac tissue was determined to be 3kV/cm for nsPEF ablation. It is
found that this critical field leads to good predictions o f the ablated volume for the
penetrating and endo-epi electrode configurations.

•

Assuming the critical electric field for human heart ablation is the same as for rabbit hearts,
we modified the model with human heart parameters for human atrium and ventricle
ablation. It is predicted that for the penetrating electrodes configuration, the ablated volume
in the human heart would have less uniform transmural geometry compared to the rabbit
heart, due to the higher ratio o f longitudinal to transversal conductivity in the human heart.
For the endo-epi configuration, however, an approximately uniform transmural geometry
could be achieved. These numerical simulations can function as a guideline for future
human cardiac tissue ablation to a certain degree. For a precise IRE treatment planning,
however, these models need to be improved. We will discuss this improvement in the
following section.

5.2 FUTURE WORK

Although experimental and numerical results are encouraging and promising for this nsPEF
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ablation, there are still many steps needed to bring nsPEF ablation into clinical practice. Essential
steps include animal studies in large animals, long-term animal studies to test whether nsPEFinduced lesions remain non-conductive for a long time, and the development o f a catheter-based
delivery system for nsPEFs. O f these essential steps, we plan to perform large animal studies and
long-term animal studies, while catheter development will be done in collaboration with an
experienced company if the results from large animal studies and long-term studies justify the
expense. Since our lab also has a strong interest in the mechanisms o f nsPEF, we further plan
ablation experiments in which we vary the pulse duration, particularly towards shorter shocks, and
to refine our model to include shock-induce membrane permeabilization. Finally, we are currently
collaborating with a company that produces ablation systems for concomitant ablation during open
heart surgeiy. These ablation systems are not catheter based (since direct access to the heart is
available), but use clamps that have electrodes on each jaw (see Figure 73) and can create applied
currents along the whole length o f the clamp in one step to quickly create linear lesions. Currently,
these ablation clamps are used for RF ablation, but there is strong interest in testing their suitability
for nsPEF ablation. In terms of the electrode configurations we have discussed so far, these ablation
clamps perform endo-epi ablation, with linear rather than circular electrodes. Our promising results
for endo-epi nsPEF ablation in Section 3.5 strongly suggest that this approach is viable.
The next steps that we plan to take are 1) the extension o f our model to include membrane
permeabilization and 2) the testing o f endo-epiendo-epi ablation with ablation clamps. These two
steps can be performed in relatively little time, and they don't require extensive resources, as the
large animal studies and long-term animal studies will. Below we give a more detailed description
o f our plans.
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5.2.1 INCLUSION OF MEMBRANE PERMEABILIZATION INTO NUMERICAL MODEL

As we discussed in last chapter, nsPEFs will change tissue properties such as the conductivity
because they create pores in the cell membranes. Because conductivities are not constant during and
after IRE treatment, the electric field distribution will change accordingly. Such changes would be
important to better predict the electric field distribution. Some electroporation devices monitor not
only the voltage but also the current being applied, which can be used to measure the bulk
conductivity o f the tissue50. To improve our numerical model, we plan to measure conductivities
experimentally during the pulse schemes that we typically apply. Figure 72 shows a simple example
of a four-electrode technique to measure the conductivity, in which two electrodes inject current and
two other electrodes measure the potential. This method is used to measure the electrical properties
o f skeletal muscle by Gielen et al87, 88.

Figure 72. Schematic diagram o f the four-electrode technique for measuring tissue conductivities.
Current (I) is passed through the outer two electrodes, and the potential, V, is measured between the
inner two electrodes88.

Due to the fact that cardiac tissue has a myofiber structure that strongly affects the conductivity,
separate longitudinal and transversal measurements o f conductivities are required. Conductivity o f
each longitudinal and transversal measurement can simply be calculated as:

where p(t) is the electrical resisitivity, o(t) is electrical conductivity, L is the tissue thickness, and
SA is the surface area o f the tissue (K is a tissue constant).
It is proposed that by varying the amplitude o f pulses applied, a similar experimental relationship
between measured conductivities and amplitude o f pulses (and number o f pulses) can be
established, as shown in Figure 73. With enough measured data, a modified asymmetrical Gompertz
curve can be chosen to fit all the experimental results (compare Figure 71). It is to be expected that
the conductivity increases from its baseline value o 0 as the shock amplitude and duration are
increased and eventually saturates at a maximum conductivity o max. The fact that electrical
conductivity should reach an upper limit (a max) is related to the composition o f adjacent tissue
structures86. Even if all cells become completely permeabilized, inherent resistance from support
structures such as the extracellular matrix will contribute to tissue resistance. Because o f the
presence of such structures, the electrical conductivity plateau will be reached in the tissue.
After the relationship between conductivities and electric field strengths is established, we can
update the constant conductivity in our numerical model with a fitted modified asymmetrical
Gompertz function. This conductivity updates will make our model more precise than the current
one.

5.2.2 SY NERGY ABLATION C L A M P DESIGN

AtriCure, Inc is a medical device company specializing in innovative cardiac surgical ablation
systems for the treatment of atrial fibrillation. There is a collaboration between our lab and Atricure
on several projects. There is a potential collaboration opportunity in the future that our nsPEF
ablation can be mounted onto the AtriCure synergy ablation clamp as an innovative clinical tool.
Whether we perform this project is contingent on reaching an agreement on the funding and scope
o f the project with AtriCure.
The Synergy ablation clamp is intended to ablate cardiac tissue for the treatment o f patients with
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persistent atrial fibrillation who are undergoing open concomitant coronary artery bypass grafting
and/or valve replacement or repair. A typical ablation protocol that shows the lesions to be created
with the Synergy clamp on the heart using Synergy is shown in Figure 74 (red lines show the
lesions to be created with the Synergy tool).

Figure 73. Synergy ablation clamp. The RF energy is delivered via the connector to the linear
electrodes on the insulated jaw s of the synergy ablation clamp.
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Figure 74. Ablation protocol using AtriCure synergy ablation clamp.

It is proposed that our nsPEFs can be used as the energy source, to deliver the IRE energy to the
customized synergy ablation clamp. We will test the effectiveness o f nsPEF ablation delivered
through the synergy ablation clamp. This includes creating lesions in rabbit ventricles, using optical
mapping to verify the creation of block, and histological characterization o f the lesions. If nsPEF
ablation with surgical clamps proves to be effective, it would open a more direct way into the
clinical practice, because catheter development would not be needed for this technology. Although
surgical ablation is not performed as frequently as catheter ablation in the heart, there are still more
than 10,000 cases performed annually in the United States.
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